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Introduction 
1.1. BIOSENSORS 
A biosensor is composed of a receptor which can be a biological 
substance such as an enzyme, an antibody, a cell and a transducer that 
transforms the physical or chemical changes accompanying the biological 
reaction into an electrical signal. Biosensors not only help to examine and 
understand biological processes, but also have numerous potential applications 
in health care, veterinary medicine, food industry, environmental monitoring and 
in defence and security industries (Luong et al., 1988; Chibata et al., 1991; Keay 
and Wang, 1997). 
Turner (1987) defined a biosensor as a device incorporating a biological 
sensing element either intimately associated or integrated with a transducer. 
The aim is to produce a digital electronic signal, which is proportional to the 
concentration of a specific analyte (Hermanson et al., 1992). Biosensors are 
born out of the combination of amperometric, potentiometric, themnal or other 
types of sensing devices and biological components such as microbial and other 
cells, enzymes, chemical receptors or immunological agents. They can be 
tailored to match individual analytical demand for almost any target molecule or 
compound that interacts specifically with a biological system. 
Clark and Lyons (1962), who originally proposed that enzymes could be 
immobilized on electhcal detectors to form enzyme electrodes, pioneered the 
concept of enzyme based biosensor. Enzyme electrodes were developed for 
detecting glucose and urea using glucose oxidase and urease immobilized on 
membranes which transformed the analyte into products that were detectable by 
an oxygen or pH electrode. Soon after an enzyme electrode with glucose 
oxidase immobilized In a polymeric gel on an oxygen electrode was developed 
(Updike and Hicks, 1967). 
Research into the incorporation and use of biological material in electrical 
sensors for various analytical applications have been and continue to be 
conducted vigorously. The list of commercially available devices employing 
biological components for the detection of a variety of analytes are listed in Table 
1.1. Innumerable reviews and books have been published on the subject 
(Schultz, 1991; Mathewson and Finjey, 1992; Wagner and Guiltbault, 1994; 
Ayyagari et al., 1995; Mrksich and Whitesides, 1995). 
Krull and Thompson (1985) described in detail the desirable 
characteristics of a biosensor which according to them should be selective for 
analytes closely related in structure and give no response to other compounds in 
a complex mixture. The specificity of several biological molecules to recognize 
and bind various large and small molecules make them ideal for use in biosensor 
development (Schultz and Sims, 1979; Wingard, 1987; Kooyman et al., 1988). 
The response time of the biosensor for a given analyte should be minimum, and 
the interaction between the biological component of the sensor to the analyte 
should be reversible in order to have a reusable biosensor. The lifetime of a 
biosensor is generally limited because of the susceptibility of the attached 
biomolecules to microbial degradation and it is not always possible to have an 
autoclavable sensor. Last but not the least, biosensor should be easy to use as a 
Table 1.1 
Some Commercially Available Biosensors 
Manufacturer 
Ajinomoto 
Analytical Instr. (Toyo Jozo) 
DaiichI Kagaku Genetics 
Instr. Mitsubishi Toa Electric 
Gambro 
Lithuanian Acad. Sd. 
Radell^ is 
Fuji Electric 
Leeds and Northrup 
Midwest Res. Instr. 
Omron Toyobo Co.. 
Oriental Electric 
Owens-Illinois (Kimble) 
Seres 
Universal Sensors 
Univ. of Lund 
Yellow Springs Instr. Co. 
Biosensor type 
Microbial electrode 
Pot. Electrode 
Amp. Electrode 
Pot. Electrode 
Electrode 
Enzyme electrode 
Electrode 
Electrode 
Amp. electrode 
Pot. electrode 
Amp. electrode 
Pot. electrode 
Pot. electrode 
Amp. electrode 
Pot. electrode 
Enzyme thermistor 
Electrode 
Analytes detected 
Biol. Oxygen demand 
Glucose, alcohol, glycerol, 
lactate 
Glucose 
Glucose 
Glucose 
Alpha-amylase, acetic acid, 
ethanol, glucose, uric acid 
Sugars 
Pesticides 
Glucose, galactose 
Fish, freshness 
Glucose 
Urea 
Glucose, lysine, alcohol 
Alcohol, L-aminoacids, 
creatinine, glucose, 
sucrose, lactate, lactose, 
uric acid, oxalate, salicylate 
Aspartate, tryptophan, urea, 
aspartame, leucine, lysine 
Sugar, alcohol, lactate, 
penicillin, urea, oxalate, 
triglycerides 
Fructose, lipase, amylase, 
glucose, triglycerides, 
lactate, alcohol, sucrose 
pH electrode, small enough to be inserted intravenously when required and be 
biocompatible. 
1.1.1. Biological Component 
The biological component of the sensor should have the property of high 
selectivity and therefore enzymes, antibodies, receptors, whole organelles and 
even cells and tissues have potential as the receptor molecules. Microbial, plant 
and animal ceils are employed as biological component when a series of 
sequential enzymatic reactions are required for the detection of the analytes. 
Use of intact cells also eliminates the need of pure enzymes and expensive co-
factors. Arnold and Rechnitz (1987) developed a glutamine electrode for the 
selective detection of L- amino acid by immobilizing mitochondria from pig kidney 
ceils on a dialysis membrane attached to the transducer. Hikuma et al. (1980) 
developed an ion selective electrode for glutamic acid using pC02 electrode that 
detected the carbon dioxide produced during glutamic acid metabolism using 
immobilized E.coli cells. However cell and tissue based biosensor have a longer 
response time than their corresponding enzyme electrodes (Arnold and 
Rechnitz, 1987). A more rapid response is obtained by incorporating the tissue in 
a carbon paste to give a greater contact between the biocatalytic site and the 
sensitive component (Wang and Lins, 1988). 
Cell membranes and organelles have also been used for the construction 
of biosensors (Burstein et al., 1986; Wingard, 1987). Receptor based sensors 
are very appealing for the detection of low concentration of analytes like drugs, 
toxins, explosives, etc. and neuroreceptors have been used for the detection of 
such analytes (Wingard, 1987). Receptor based biosensors have good 
selectivity, reversibility, and response characteristics yet are not as practical as 
other biological component since It is difficult to obtain receptors in adequate 
quantities and to maintain them in the native form after immobilization (Wingard, 
1987). 
Specific binding between antigen and antibody has also been exploited 
for the development of immunosensors. However the immunological interactions 
may not always be accompanied by the formation of any monitorable 
electroactive products and the magnitude of the change in the potential during 
the reaction may be very low (Yamamoto et al., 1978). In such cases either the 
antigen or the antibody is labeled with an enzyme using appropriate bifunctionai 
agent. The specificity of the sensor is determined by the antibody and its 
sensitivity determined by enzyme performing the chemical amplification. The 
enzyme immunoassay technique developed by Aizawa et al. (1976) is generally 
employed for the immobilization of antibody on the transducer surface. Keating 
and Rechnitz (1984) employed ion carriers (ionophores) as mediator between 
immunological and electrochemical process for the development of 
potentiometric membrane electrode with bound digoxin antibody. Birbaum et al. 
(1986) showed that human pro-insulin produced by a recombinant E.cxili can be 
detected with its enzyme labeled antibody using a thermistor. 
Immunoagents have also been immobilized on the metallic gate surface 
of field effect transistors (FETs) to form so called immuno-FETs. Gardies et al. 
(1989) developed a FET with anti-alpha fetoprotein antibodies immobilized on 
silicon structure Au/Si/SiOa using glutaraldehyde for the detection of alpha 
fetoprotein with a detection limit of 1mg/ml. The Staphylococcus enterotoxin B 
was quantitated using an immuno-FET with monoclonal antibodies attached to 
Si/Si02 gate (Billard et al., 1991). The work on bioaffinity sensors has been 
nicely reviewed by Ikariyama and Aizawa (1988). 
1.1.2. Transducers 
Biosensors can also be categorized according to the transduction 
mechanism involved in the quantitation of the analyte. 
Electrochemical biosensors consist of a sensing membrane (enzyme 
membrane) placed in contact with the measurement device, such as an ion 
selective electrode or a platinum electrode. In potentiometric transducers, the 
potential difference generated as a result of the enzymatic reaction is measured 
against a reference electrode. Electrochemical transducers have been reviewed 
in detail (Kobos, 1980; 1987; Guilbault, 1984). Covalent immobilization is usually 
preferred for attaching the biological component on the electrode surface. The 
potential measured is proportional to the logarithm of the activity of the selected 
ion in the solution and is independent of the amount of enzyme, which is loaded 
in excess. The signal is measured at steady state concentration when rate of 
product formation equals its diffusion from the enzyme layer (Luong et al., 1988; 
Vanderberg et al., 1994) 
In case of amperometric electrode, a constant potential is applied 
between sensing electrode and the reference electrode and the current 
generated by the redox reaction of the analyte is measured. The signal 
generated is proportional to the analyte concentration at the electrode surface 
and thus depends upon the rate of transport of the analyte to the electrode 
(Luong et al., 1988). The oxygen electrode developed by Clark (1970) is a typical 
example of amperometric electrode and specific electrodes have been 
developed for a variety of substances including substrates, prosthetic groups, 
antibodies etc. Among these reactions catalyzed by oxidases or aerobic 
microorganisms dominate (Yao, 1983; Mullen et al., 1985; Mitzutani et al., 1985). 
Calorimetric transducer detects the temperature change accompanied by 
various chemical and enzymatic reactions. Temperature differences as low as 
10"® °C can be detected (Loung et al., 1988). Apart from clinical applications like 
assay of albumin, gentamycin, cholesterol, urea using thermometric ELISA, 
thermal transducers have also been used in fermentation analysis and process 
control by determining constituents like ethanol, galactose, sucrose and penicillin 
(Danielsson and Mosbach, 1987). 
Field effect transistors based biosensors are the combination of enzyme 
technology and modern electronics (Kimura and Kuriyame, 1990; Brand et al., 
1990; 1991). Hydroxyl groups on the surface of the gate material of the FET 
extend into the aqueous medium and can be reversibly protonated or 
deprotonated, the ratio of which effects the electrochemical potential, inducing a 
current between the source and the drain in the FET. Thus the FET can 
conveniently measure the resulting pH change (Fig. 1.1). Enzyme sensitive field 
effect transistors (ENFETs) are generally constructed by immobilizing enzyme 
Fig. 1.1 Diagrammatic representation of the basic principle of a bio-field effect 
transistor (Scheper, 1992). 
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on the surface of the gate in a matrix of cross-linked albumin, polyacrylamide or 
tri-acetyl cellulose. A detailed description on the subject has been provided by 
Kullick and Ulber (1996). A number of enzymes have been associated with FETs 
for the analysis of a variety of comppunds. These include p-lactamase for 
penicillin (Caras and Janata, 1980), glucose oxidase for glucose (Dransfeld et 
al., 1990) and urease for urea (Miyahara et al., 1983). 
1.2. BIOSENSOR APPLICATIONS 
Biosensors can be immersed in sample medium to make the needed 
detection or can be used to screen samples in a flowing liquid by employing the 
FIA system. The detection of analyte by a sensor associated with FIA makes the 
process fast, sensitive, accurate and above all requires small sample volumes 
for analysis. The FIA systems originally introduced by Ruzicka and Hansen 
(1975) have undergone considerable improvement and have actual and 
potential applications in biotechnology. Biosensors along with FIA systems have 
many commercial applications including those in medicine, food industry, 
environmental monitoring and defence. 
1.2.1 Biosensors for Food Industry 
Biosensors were first employed in food industry for the analysis of the pH, 
CO2, sugars, preservatives, etc in beverages like soft drinks, beer, wine (Matsu-
moto and Tsukatani, 1996). A glucose electrode can measure the freshness of 
meat by determining the glucose consumption of the microbes on is surface 
(Kress-Rogers and D'Costa, 1985). Similarly the freshness offish is indicated by 
a sensor that is sensitive to hypoxanthine, inosine and inosine-5-monophosphate 
(Karube et al., 1984; Watanabe et al., 1988a). Further examples include the 
determination of amino acids (such as lysine) for the control of protein and 
nutritional value of food stuff (White and Guilbault, 1978), of sucrose for the 
production of syrups and jams (Satoh et al., 1976). Enzyme based sensors are 
best suited for all these applications. 
1.2.2. Biosensors for On-line Process Monitoring 
Biosensors are employed in fermentation monitoring and controlling to 
detect concentration of various nutrients (viz. glucose, or other carbohydrates) or 
to estimate biomass and cell viability and intum the productivity of cultivation. 
Several applications of FIA for the on-line fermentation monitoring and control 
have been described (Schugeri, 1988; Dremel et al., 1992; Srinivasan et al., 
1995; Brand et al., 1991). Van Del Pol (1995) developed a biosensor for on-line 
monitoring of glucose and lactose concentration in animal cell cultures. Other 
enzymatic analyses made in fermentation samples using FIA include those of 
oligosaccharides (Marko-Varga, 1989), monoclonal antibodies (Stocklein and 
Schmidt, 1990) and antibiotics (Meier et al., 1992). 
1.2.3. Biosensors in Biomedical Sector 
Most of the sensors currently in use in the area of biomedicine are 
enzyme based. Glucose oxidase based sensor for glucose determination in 
blood and urine of diabetic patients is the most commonly used enzyme sensor 
in medicine (Albisser, 1982; McGrath et al., 1995). Urea and creatinine 
electrodes are of great use in controlling renal functions, while cholesterol 
electrode is used for the detection and prevention of arteriosclerosis (Mascini 
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and Palleschi, 1989). Immunological sensors have also been employed for the 
measurements of various drugs and hormones like HCG for diagnosis of 
pregnancy. 
1.2.4 Environmental Applications 
There is an increasing demand of methods for determining toxic chemical, 
pesticides, and heavy metals in air, water and soil. Microbial sensor employing 
Clostridium butyricum attached on the oxygen permeable membrane of the p02 
electrode has been developed for the rapid determination of the biological 
oxygen demand (an index of level of organic material in polluted water) which 
makes the measurements in much shorter time compared to the conventional 
test (Karube et al., 1977). 
Toxic compounds act through enzymatic inhibition and the immobilization 
of the target enzymes on the transducers provides a continuous measurement of 
the activity of the biocatalyst. Tran-Minch and El Yamini (1988) developed a 
cholinesterase electrode on this basis for the determination of organophosphates 
and carbamates and was used for the quality control of waste water when 
incorporated in an automated system (El Yamani et al., 1988). Sensors have 
also been constructed for the detection toxic chemicals like cyanide in river water 
(Ikebukuro et al., 1996a) and phosphates in soil samples (Ikebukuro et al., 
1996b). 
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1.3 ENZYME IMMOBILIZATION 
For use in various sensing devices enzyme require a strong association 
vi^ ith the sensor surfaces and the remarkable developments in the area of 
enzyme immobilization technology starting from the seventies have aided work 
on the development of enzyme based biosensors. 
By definition, an immobilized enzyme is physically localized in a certain 
region of space or converted from a water soluble mobile phase to water 
insoluble immobile phase (Marconi, 1984). Immobilized enzymes have been a 
topic of on going research since early 1930s and enzyme immobilization 
continues to remain a widely applied technique for retaining enzyme in 
bioreactors and enabling the continuous operation of the enzymatic processes 
such as those in enzyme electrodes and sensors. Immobilization very often 
leads to enhancement in the resistance of enzymes against various denaturing 
factors like extreme pH and temperature, high ionic strength, chemical 
denaturants, proteases, etc. Immobilization has also been used to impart novel 
characteristics to enzymes, thereby intentionally modifying their basic catalytic 
behaviour (Clark, 1994). Various natural and synthetic supports like alginate, 
agarose, polyacrylamide co-polymers, etc. are available for enzyme 
immobilization. The choice and properties of the carriers for enzyme 
immobilization has been reviewed (Mosbach, 1976; Royer et al., 1976). 
Additional and more indepth information on immobilization methodology can be 
found in other sources (Mosbach, 1987 a, b; 1988; Birnbaum & Mosbach, 1991; 
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Bimbaum, 1992). More recently Scouten et al. (1995) have reviewed the 
possibilities of protein immobilization for use in biosensors. 
The numerous methods available for immobilizing enzymes on solid 
supports have been classified into five basic categories - Covalent attachment, 
Chemical aggregation, Matrix entrapment, Miaoencapsulation and Adsorption. 
1.3.1 Covalent Immobilization 
Covalent coupling of enzyme to solid supports offers the most stable, and 
versatile method of immobilization (Weetall, 1974). The process involves the 
creation of covalent linkage between the enzyme and functional groups of the 
polymer generally the reactive aminoacid side chain or N- or C-terminal groups 
constitute the point of contact. In case of glycoproteins, aldehyde groups can be 
introduced by oxidizing the sugar residues with Nal04 or NaCI04 (Hsaio and 
Royer, 1979; Woodward and Wiseman, 1978). Roig and Kennedy (1994) covale-
ntly immobilized a-amylase, glucoamylase on epoxy, isocyanate, acid chloride 
and carboxylic acid activated plastic supports. Varlan et al. (1996) reported the 
covalent immobilization of some enzymes on paramagnetic polyacrolein beads. 
Covalent coupling of enzymes on inorganic supports have also been obtained 
through silane coupling (Weetal, 1993). Protein binding to organic and 
biomolecule surfaces such as agarose are commonly used in chromatography. 
Sepharose resins can be activated with agents like cyanogen bromide (Porath et 
al., 1967) and tresyl chloride. Pre-activated membranes like immunodyne and 
immobilon™ (Millipore, Bedford, MA, USA) are available for ready enzyme 
immobilization for biosensor application. The procedures of coupling are 
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generally simple, rapid and often require only direct contact between the enzyme 
and the membrane (Luong et al., 1993). 
1.3.2 Chemical Aggregation 
Enzyme immobilization can also be earned out by covalently connecting a 
large number of enzyme molecules with the help of bifunctional or multiftjnctional 
agents (Chang, 1964). Glutaraldehyde has widely been used for this purpose in 
the constoiction of enzyme sensors (Watanabe et al., 1988b). Enzymes can 
also be treated with bifunctional agent such as glutaraldehyde after 
microencapsulation (Chang, 1971). Luong et al. (1993) used the relatively 
inexpensive bovine serum albumin to effectively dilute the polymer film formed 
as a result of crosslinking on electrode surface. 
1.3.3 {Matrix Entrapment 
Entrapment of enzymes/biomolecules to polymeric matrices is another 
possible strategy of immobilizing them and several workers have desaibed 
enzyme immobilization using polymeric gels (Petach and Driscoll, 1994; 
Fachsbauer et al., 1996). Markvicheva and coworkers (1994) immobilized trypsin 
and carboxypeptidase in themnally reversible polymer poly (N-vinyl-caprolactam) 
with the retention of up to 80% activity. Electropolymerization is often widely 
used for the immobilization of protein on electrode surfaces. N-methyl pyrrole is 
electrochemically polymerized to yield polypyrrole membrane (Dumont and 
Fortier, 1996). Enzymes, proteins and even cells can be covalently linked to the 
monomers before electropolymerization (Bartlett and Cooper, 1993). 
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1.3.4 Microencapsulation 
Microencapsulation can be achieved by interfacial polymerization (a 
chemical process) or by co-acervation (a physical phenomena) leading to 
immobilization of enzymes which remain chemically unmodified. The technique 
was developed by Chang (1964) and further worked upon by others (Levy et al., 
1980; Founlds and Lowe, 1988). 
1.3.5 Adsorption 
Enzyme immobilization on solid surfaces by physical adsorption is a 
complex process involving various non-covalent interactions including hydrogen 
bonding, hydrophobic and electrostatic interactions leading to reversible 
association of the enzyme with the support which has practical advantage in 
many cases. The stability of the enzyme immobilized by adsorption has been 
enhanced in several instances. However, the enzyme binding is highly 
dependent on pH, nature of solvent and temperature. The various types of 
carriers used includes alumina, clay, glass (Zusaman and Zusaman, 1995), 
cellulose and acrylic composite (Hou et al., 1991), ion exchange resins (Tosa et 
al., 1966), etc. Ease of enzyme immobilization, regeneration and reuse of the 
support are the important advantages of adsorption. 
Most of the procedures discussed above result in random association of 
enzymes with support leading to preparations containing enzymes oriented in a 
variety of ways, in addition random immobilization methods inevitably cause 
some apparent inactivation (Khare & Gupta, 1988a)The harsh coupling 
conditions like generation of free radicals, drastic pH & temperature changes, 
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use of organic solvents, steric cx}nstraints and conformational changes due to 
multiple point attachment to the support are all causes for the reduced enzyme 
activity. An ideal immobilization procedure should not disturb the native 
conformation of the protein minimally and with least effect on the active site. 
Oriented immobilization of protein to a great extent can circumvent these 
problems. While the interest in irreversible and covalent methods of 
immobilization continues, bioaffinity based immobilization procedures^several of 
which result in oriented immobilization, are gaining remarkable attention 
specially for analytical application (Mattiasson, 1988; Gupta & Mattiasson, 1992). 
Bioaffinity based immobilization procedures offer many advantages over 
conventional immobilization techniques like ready reversibility, and thus the 
possibility of reuse of the support, simple and mild conditions required during the 
immobilization process and above all, possibility of immobilizing the protein in an 
oriented fashion yielding preparation of high activity and stability. The specific 
interaction between antigen-antibody (Shoemaker et al., 1984), lectins-
carbohydrates/glycoprotein interaction (Hubbard & Cohen, 1976) and avidin-
biotin (Green, 1963) to quote a few, form the basis of the bioaffinity based 
immobilization procedures. 
1.3.6 Glycoenzyme Immobilization 
Glycoproteins, a class of biological molecules encompass a wide range of 
structures and functions, and are proteins containing carbohydrate attached by 
covalent linkage (Beeley, 1985). Glycoprotein occur in fungi, green plants, 
viruses, bacteria and in higher animal cells where they serve a variety of 
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functions. Various homiones and industrially important enzymes including 
deoxyribonuclease, a-amylase, invertase etc. are glycosylated. The carbo-
hydrate content of glycoproteins may be less than 1 % or more than 60% of the 
mass of the molecule (Kennedy and White, 1983; Lis and Sharon, 1993). 
The most prominent approach in immobilization of glycoproteins is the 
utilization of carbohydrate moieties located in the regions which are not involved 
in their biological activities as the point of association v/ith support (Woodward 
and Wiseman, 1978; Kas et al., 1990; Chaga, 1994). 
Royer (1987) oxidized the carbohydrate residues of glucose oxidase, 
peroxidase, glucoamylase and carboxypeptidase by periodate treatment to 
generate aldehyde groups and treated with ethylene diamine to give enzyme 
derivates that were then coupled to a active ester support. The immobilized 
glucose oxidase, peroxidase, glucoamylase and-. carboxypeptidase enzymes 
retained 100, 99, 87 & 87 percent of their original activity respectively. Husain et 
al. (1992) reported the immobilization of horse radish peroxidase using periodate 
yielding preparation with high activity. Similar procedure for oriented 
immobilization has been reported for the monoclonal antibodies (Fleminger et 
al., 1990) and for an antigen (Turkova et al., 1990). 
Another method of immobilization of glycoenzyme has been reported by 
Chaga (1994) on regenerate immobilized metal ion can-iers. Glucose oxidase 
and peroxidase were immobilized by modifying them by attaching an histidine 
residue to their carbohydrate moieties which then could be linked to bivalent 
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metal ion - iminodiacetic acid - agarose. The binding of matrix and modified 
enzymes was studied on IDA earner linked to Cu(lt), Zn(ll) or Ni(ll). Preparation 
with highest activity was obtained on Cu(ll) linked i- IDA. However, recovery of 
the modified enzyme was poor. When used as re^enerabie enzyme electrodes 
the immobilized enzymes showed good stability for 5 days, after which, the 
electrodes were regenerated. 
More recently, Liu and Scouten (1996) have developed a boronate affinity 
gel for the oriented immobilization of glycoproteins by the linkage through vicinal 
diols at lower pH. 
The other widely used method for the immobilization of glycoproteins/ 
glycoenzymes is the use of lectins that have affinity for the glycosyl residues of 
glycoprotein. Lectins are sugar binding protein of non-immune origin and have 
been isolated from a variety of animals, plants and microorganisms. Most of 
them are glycosylated (West and Goldring, 1992) and have the ability to 
precipitate polysaccharides, glycoproteins and agglutinate cells due to their 
multiple sugar binding sites (Montreuil et al., 1994). The specificity of lectins for 
their carbohydrates and carbohydrate containing prpteins forms the basis of use 
of these proteins for the isolation/purification and characterizations of 
glycoproteins (Lis and Sharon, 1981). The more complex variation in structure, 
mode of action, application and naming system of this group of molecules have 
t)een reviewed recently by Kennedy et al. (1995). 
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Of the over two hundred lectins identified thus far, best characterised and 
widely used is a lectin isolated from Jack bean - Concanavalin A (Con A) which 
also happens to be the first lectin to be isolated in pure fomn (Sumner, 1919; 
Sumner and Howell, 1936). Con A has been widely used in isolation and 
characterization of various glycoenzymes (Nicolson, 1974; Yahara and Edelman, 
1973). More recently the usefulness of Con A as an effective ligand for the 
immobilization of many glycoenzyme has been reviewed (Saleemuddin and 
Husain, 1991). 
1.4 CONCANAVALIN A 
Con A is a non-glycosylated metallo-protein existing as dimers or 
tetramers (Sumner & Howell, 1936) which demonstrates specific binding site for 
a.D-mannose or a.D-glucose. Each con A monomer contains 237 amino acid 
residues and has a molecular weight of 26.5 KDa. The quaternary structure of 
the protein is dependent upon the pH and temperature of the medium. At pH less 
than 5.0, Con A exists predominantely as dimers which associate readily to form 
tetramers stabilized by hydrogen bonding above pH 7.0 (Bittiger and Schnebli, 
1976). The specific binding properties of Con A have been extensively studied 
by Goldstein (1976). The C3, C4 & Ce hydroxy! groups of D-mannose or D-
glucose appear to be crudal for binding to Con A. Each Con A monomer contain 
a sugar binding site and binding activity requires the presence of both Mn*^ and 
Ca*2 (Sumner & Howell, 1936). 
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Glycoproteins comprising of glycosyl chains with Glca1->, Mana 1-> and 
Glc NAc a 1-> which are located at the non-reducing termini of the sugar chains 
and 2 Glca1- and 2 Mana1-residues located within the sugar chain can bind to 
this lectin (Kobata, 1992). Con A retains its sugar binding capacity between pH 
5.0 and pH 9.0 making it ideal for the imrxiobilization of enzyme acting over this 
wide pH range. Mandal and Brewer (1993) have reported the high affinity of 
tetrameric form of Con A towards complex oligosaccharides compared to dimers 
which suggested that for effective immobilization of glycoenzymes, a Con A 
support prepared at or above pH 7.0 yields better immobilization. 
The biological activity of Con A remains largely unaffected by chemical 
modification of its amino groups and thus these have been used for coupling 
Con A on to various matrices (Gunther et al., 1973). Con A can also be linked to 
aluminium oxide after activation with 3-aminopropyltriethoxysilane followed by 
reaction with cyanogen bromide (Fadda et al., 1992). Con A binds very strongly 
to copper (II) IDA functions of matrix used in metal interaction chromatography 
(El-Rassi et al., 1988). Such binding yields oriented Con A molecules on the 
support for effective immobilization of glycoenzymes (Anspach and Haase, 
1994). 
1.4.1 Enzyme Immobilization Using Concanavalin A 
The two principal strategies used for the immobilization of glycoenzyme 
using Con A are (i) immobilization of enzyme on supports precoupled with Con A 
(ii) preparation of insoluble Con A glycoenzyme flocculates which are readily 
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formed when glycoenzymes and Con A are mixed under appropriate conditions 
because of the tetra/divalent nature of Con A and multiple glycosyl chains of the 
glycoenzymes (Saleemuddin & Husain, 1991). 
Woodward and Wohlpart (1982) obtained highly active preparations of 
Aspergillus niger p-D glucosidase by immobilizing the enzyme on Con A-
Sepharose through its carbohydrate chains after amino alkylation. The thenno-
stability of immobilized p-glucosidase was further enhanced after cross-linking 
with glutaraldehyde. A decrease in Km and Vmax and enhanced susceptibility 
towards inhibition by glucose and fructose compared to soluble enzyme was 
observed. Sulkowski and Laskowski (1974) immobilized venom exonuclease on 
matrix pre-coupled to Con A for the continuous hydrolysis of polynucleotides and 
efficient hydrolysis of poly A and ApAp was observed. The preparations had the 
storage stability of over a month at pH 8.5 at room temperature. 
A comparative study of the immobilized carboxypeptidase Y via its 
carbohydrate moieties on Con A-Sepharose or aminocaproate activated CL-
Sepharose was made by Hsiao and Royer (1979). The Con A bound enzyme 
yielded higher activity and maximum immobilization yield. 
Reddy and Shanker (1989) immobilized Aspergillus oryzae Si-nuclease 
on Con A-Sepharose. The activity of the bound enzyme was remarkably 
influenced by the amount of Con A linked to the support. A preparation with 
maximum activity was obtained when the enzyme was immobilized on the 
support precoupled with 1 mg Con A per ml gel. The immobilized enzyme 
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exhibited unaltered pH profile but markedly enhanced stability against 
denaturants like urea and heat. 
Yeast invertase was immobilized on Con A-agarose in high yields and the 
preparation exhibited Km value comparable to the soluble counterpart 
(Woodward and Wiseman, 1978). Marked improvement in stability at 65*0 and 
broadening of the pH activity profile was also observed. 
Mattiasson and Borrebaeck (1978) investigated the potential of Con A in 
the immobilization of enzymes for use in thermistors and continuous 
spectrophotometric devices. Aspergillus niger glucose oxidase with co-
immobilized peroxidase was used for the detection of glucose. A thermistor with 
increased heat response indicating a better supply of oxygen was developed by 
immobilizing red blood cells along with glucose oxidase on Con A coupled 
matrix. Iqbal and Saleemuddin (1985) immobilized invertase on Con A coupled 
Sepharose. The immobilized invertase retained higher activity compared to 
soluble enzyme at 60°C or in 3.0 M urea, and the resistance to denaturation was 
further enhanced by crosslinking with glutaraldehyde. The enzyme could be 
stored for over 2 months without appreciable loss in activity. The authors also 
investigated the activity and stability of glucose oxidase and invertase 
immobilized on Sepharose with either "low" or "high" Con A concentrations. 
Stability against heat & urea was more markedly increased in case of enzymes 
coupled to the "high" Con A matrices (Iqbal and Saleemuddin, 1983b). 
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Docolomansky et al. (1994) reported that invertase adsorbed 
biospecifically on Con A-beaded cellulose exhibits a higher stability compared to 
invertase covalently linked to other derivates of bead cellulose. Mislovicova et al. 
(1995) linked Con A covalently to chlorotriazine activated cellulose and the 
kinetics of invertase immobilized on the support was studied using a thermistor. 
Elution of enzyme from the carier was dependent upon the concentration of Con 
A bound. Over 94% elution of enzyme with a methyl manoside could be obtained 
when Con A concentration was less than 1.5 mg per ml of gel. 
Montero and Romeu (1993) immobilized almond p-glucosidase on 
Sepharose linked to Con A, with high enzymatic yield. The immobilized enzyme 
showed unaltered pH and temperature profiles, and Km but the Vmax increased 
compared to the native enzyme. However, the enzyme-Con A Sepharose 
complex showed significantly enhanced stability at pH 6.0 and maintained 
almost 100% activity even after 240 hrs of incubation at 25°C and a pH of 6.0. 
An effective enzyme thermistor containing immobilized Con A and 
glycoenzyme L-ascorbate oxidase was described by Mattiasson and 
Danielsson, (1982). More recently, a fluoride sensitive field effect transistor 
(Si/Si02/Si3N4/LaF3 layers) based biosensor was described by Koneke et al. 
(1996). Con A was immobilized on HSA/glutaraldehyde membrane, to which 
glucose oxidase or peroxidase was bound. The reversibility of the enzyme Con A 
interaction was studied and the sensor was effective in on-line monitoring of 
medium glucose concentration during S. cerevisiae cultivation for over 30 hrs. 
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Woodward and Wohlpart (1982) obtained highly active preparations of 
Aspergillus niger p-D glucosidase by immobilizing the enzyme on Con A-
Sepharose through its carbohydrate chains after amino alkylation. The 
thermostability of immobilized p-glucosidase was further enhanced after 
crosslinking with glutaraidehyde. A decrease in K^ and Vmax and enhanced 
susceptibility towards inhibition by glucose and fructose compared to soluble 
enzyme was observed. Sulkowski and Laskowski (1974) immobilized venom 
exonuclease on matrix pre-coupled to Con A for the continuous hydrolysis of 
polynucleotides and efficient hydrolysis of poly A and ApAp was observed. The 
preparations had the storage stability of over a month at pH 8.5 at room 
temperature. 
A comparative study of the immobilized carboxypeptidase Y via its 
carbohydrate moieties on Con A-Sepharose or aminocaproate activated CL-
Sepharose was made by Hsiao and Royer (1979). The Con A bound enzyme 
yielded higher activity and maximum immobilization yield. 
Reddy and Shanker (1989) immobilized Aspergillus oryzae Si-nuclease 
on Con A-Sepharose. The activity of the bound enzyme was remarkably 
influenced by the amount of Con A linked to the support. A preparation with 
maximum activity was obtained when the enzyme was immobilized on the 
support precoupled with 1 mg Con A per ml gel. The immobilized enzyme 
exhibited unaltered pH profile but markedly enhanced stability against 
denaturants like urea and heat. 
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Various glycoenzyme form insoluble complexes with Con A at different 
Con A enzyme ratio. Glucose oxidase, amyloglucosidase (Husain et al., 1985; 
Husain and Saleemuddin, 1986) and plasma amine oxidase (Ishizaki and 
Yasunoba, 1980) precipitate at Con A-glycoenzyme ratio of less than one. 
Glucose oxidase retained 100% activity where as amyloglucosidase was 70% 
active in the Con A flocculates. 
Husain and Saleemuddin (1989) immobilized various glycoenzymes on 
aude Jack bean extract adsorbed on Sephadex G-50 in an attempt to cut down 
the cost of the preparation of Con A matrices using pure Con A. Glucose 
oxidase, amyloglucosidase, cellulase, cellobiase and invertase immobilization 
formed the part of the study. High immobilization yields in all cases were 
observed where as glucose oxidase and cellobiase showed enhanced stability 
against heat denaturation and proteolytic cleavage after glutaraldehyde 
crosslinking. In an earlier study aude Jack bean meal was also employed by 
Husain & Saleemuddin (1986) for preparing Con A-glycoenzyme adducts. 
Lectins other than Con A have also been used for the immobilization of 
glycoenzyme in some cases. The Len culinaris lectin that has same specificity as 
Con A but lower affinity for sugars was effectively employed in a thermistor for 
facilitating binding and ready elution of glucose oxidase (Mattiasson and 
Borrebaeck, 1975). 
1.5 IMMUNOAFFINITY BASED IMMOBILIZATION OF ENZYMES 
Immunoaffinity chromatography is a powerful technique for the isolation of 
individual protein from complex mixtures. The procedure involves the attachment 
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of the antibodies to solid supports like agarose, Sepharose or synthetic organic 
and inorganic porous bead matrices (Gronman and Wilchek, 1987). The most 
widely used immobilization technique involves the reaction of the surface 
nucleophilic group (mostly primary amines) of the antibody with polysaccharide 
support activated by CNBr (Coding, 1983), epoxy activation using 
epichlorohydrin (Pepper, 1992) or bisoxiranes (Sunderberg and Porath, 1974) or 
by tosyl/tresyl chloride activation (Nilsson & Mosbach, 1980, 1981). Most of 
these immobilization procedures result in random immobilization of the antibody 
molecule on the support resulting in preparations with reduced activity. 
Immobilization of the antibody on an immobilized protein A column however 
leads to the favourably oriented attachment of the antibody (Gersten and 
Marchalonis, 1978; Solomon et al., 1986). More recently Hale (1995) 
immobilized murine and human IgG on IDA resin with bound cobalt in neariy 
irreversible but oriented fashion. Reports are also available for the oriented 
immobilization of antibodies on various supports via their oligosaccharide chains 
which are mainly located in the Fc region of the molecule (Quash et al., 1978; 
Hoffmann and O'Shannessy, 1988; Fleminger et al., 1990). Zusaman and 
Zusaman (1995) immobilized IgG on a support prepared from glass fibres 
covered with oxysilanes to get a gel fibre glass matrix. 
Immobilization of enzyme using antienzyme antibodies has long been 
studied and reviewed and is a versatile technique as specific antibodies can be 
raised against any enzyme in suitable animals (Ehle and Horn, 1990). 
Considerable knowledge for the immunization, isolation of specific antibodies 
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and their immobilization for the immunoaffinity purification and immobilization of 
enzymes have been developed (Catty and Raykundalio, 1988). 
A variety of approaches have been adopted for the immobilization of 
enzymes with the help of antibodies. The easiest being the formation of enzyme-
antibody complex for which neither pure antibody nor pure enzyme is a 
prerequisite. Burnett and Schmidt (1921) demonstrated for the first time that 
insoluble immunocomplex of catalase and anticatalase antibodies retained 
complete catalase activity. Other workers indicated high retention of catalytic 
activity and marked stability against various denaturing factors after enzyme 
antibody complex fomriation (Campbell and Fourt, 1939; Shami et al., 1989; 
Shami et al., 1991; Jafri and Saleemuddin, 1993). 
A considerable number of enzymes have been immobilized on immuno-
adsorbents prepared using polyclonal or monoclonal antibodies. It was observed 
that binding of enzymes on immunoadsorbents prepared using polyclonal 
antibodies is relatively strong due to the binding of antigen to more than one kind 
of antibody (Hansen & Beavo, 1982; Ernst-Carbrera and Wilchek, 1988). 
Monoclonal antibodies also appear to have shorter half lives and are more labile 
compared to polyclonal antibodies (Coding, 1985; deAlwis and Wilson, 1989). 
Schramm and Paek (1992) studied antigen antibody complex formation using 
monoclonal antibodies for its possible use in optimising enzyme-immuno assays. 
The dissociation constant of antigen-antibody complexes have been shown to 
vary between 10"^ -10'^ ^ mol.dm^ (Capra & Edmundson, 1977). Antibodies of 
intermediate avidities like those ranging between 10*^ -10"^ ° mol.dm"^  are 
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particularly useful for enzyme purification (Desai, 1990) but those with higher 
affinities may be better suited for enzyme immobilization. While monoclonal 
antibodies of desired affinities can be obtained by simple selection from the 
available antibody populations, attempts have also been made to obtain 
polyclonal antibodies of desired affinities from sera of immunized animals. For 
example, polyclonal antibodies obtained after 20 weeks of priming were of lower 
or intermediate affinity compared to those obtained after longer duration 
(Kristiansen, 1978; Kohno et al., 1986). Emomoto et al. (1994) have more 
recently demonstrated that antibodies from primary response are far more 
sensitive to pH and ionic strength changes compared to those obtained during 
secondary response. 
Several investigators have also used secondary antibodies for the 
immobilization of enzymes, de Alwis et al. (1987) developed a FIA system for 
measuring glucose in undiluted serum by using a sensor having glucose oxidase 
immobilized with the help of antienzyme monoclonal antibodies. In a subsequent 
study, de Alwis & Wilson (1989) immobilized avidin on reactigel to which biotin-
linked secondary antibody was attached. An enzyme immunocomplex of 
enzyme-antiglucose oxidase or antienzyme antibody followed by enzyme was 
passed through a small reactigel column in order to achieve enzyme 
immobilization. The glucose oxidase reactor prepared thus could be used for 
sensitive and reproducible glucose analysis using a FIA system. As raising of 
polyclonal antibodies is relatively inexpensive compared to monoclonal antibody 
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production several investigators have employed the former in enzyme 
immobilization. 
Micheali et al. (1969) prepared acetylcholine esterase-antiacetylcholines-
terase complexes with high enzyme activity and enhanced resistance against 
thermal denaturation at 60°C. Sato and Walton (1983) improved the 
immobilization and stabilization of gluconolactone oxidase using polyclonal 
antibodies raised in guinea pigs. Heterogeneity of polyclonal antibody population 
may sometime lead to problems in their use. Methods have also been described 
to fractionate polyclonal antibodies recognising different epitopes of a single 
antigen (Sada et al., 1988; Suzuki et a!., 1969). 
Several reports describing non-inhibitory nature of antisera raised against 
various enzymes are also available (Melchers and Messers, 1970; Ben-Yosuf et 
al., 1975; Shami et al., 1991; Jafri et al., 1993), although the formation of active 
site recognising hence inhibitory antibodies have also been observed while using 
native enzyme as antigen (Cinder, 1967; Arnon, 1973; Solomon et al., 1984). 
Some ingenious techniques for producing antibody not recognising the active 
site of enzyme have also been developed. Fusek et al. (1988) blocked the active 
site of chymotrypsin with diisopropylphosphofluroidate and injected the modified 
enzyme in pigs and isolated non-inhibitory polyclonal antibodies from antiserum 
using chymotrypsin coupled to Sepharose through its active site as the 
immunosorbent. 
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More recently Stovickova et al. (1991) immobilized trypsin on non-
inhibitory antitrypsin antibody support with retention of full catalytic activity. The 
non-inhibitory antibodies were raised by using trypsin complexed with specific 
inhibitor antilysin. 
An effective way of immobilizing glycoenzymes is by binding to antibody 
supports that specifically recognises the glycosyl residues of the protein. As the 
enzyme glycosyl residues rarely participate in the catalytic activity (Lis and 
Sharon, 1993) glycosyl recognising antibody should normally be non-inhibitory 
and thus can yield active enzyme-antibody complex. Strategies have been 
designed to obtain polyclonal antibody directed against glycosyl groups in 
glycoproteins and glycoenzymes (Feizi and Childs, 1990; Zopf et al., 1978; Jafri 
et al., 1995). It was also reported that glycosyl recognising polyclonal 
antiinvertase antibodies were non-inhibitory and yielded superior immobilized 
enzyme preparations compared to those recognising the polypeptide domains 
(Jafri et al., 1995; Jafri and Saleemuddin, 1997). 
A number of studies describing the use of monoclonal antibodies in the 
immobilization of enzymes are also available. Ikura et al. (1984) observed higher 
activity of guinea pig liver transglutaminase on immobilization using specific 
monoclonal antibodies compared to the matrix precoupled to polyclonal 
antibodies. The immobilized preparation exhibited improved thermal stability. 
Monoclonal antiglucose oxidase antibodies as well as their fab'fragments have 
been used to prepared immobilized glucose oxidase for glucose analysis in a 
FIA system (de Alwis and Wilson, 1989). Carboxypeptidase A has been 
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immobilized on protein A Sepharose or Eupergit C column using monoclonal 
antienzyme antibodies (Solomon et al., 1986). 
More recently glucose oxidase has been immobilized in the form of layers 
on the glassy carbon electrode surface using monoclonal antiglucose oxidase 
antibody raised in mouse along with mouse IgG and anti-mouse IgG-glucose 
oxidase conjugate. Enzyme films obtained showed no substrate diffusional 
limitations and increase in activity with layering was observed. The sensor 
reportedly lost 10% activity over a period of 20 days (Bourdillon et al., 1994). 
Although monoclonal antibodies offer some advantages, keeping in mind 
the current cost of their production, they may be at best economically viable in 
bioanalytical systems that require only small amount of immobilized enzyme. 
1.6 ENZYMES USED IN THE STUDY 
1.6.1. Glucose oxidase 
Aspergillus niger glucose oxidase (P-D-glucose:oxygen-1-oxidoreduc-
tase, E.G. 1.1.3.4) is a glycoprotein having a molecular weight of 150-180 KDa. 
The enzyme contains 2 moles of FAD per molecule and is up to 10-16% 
glycosylated of which galactose, mannose and galactosamine forms the major 
portion (Pazur et al., 1965; Hayashi and Nakamura, 1981). 
Glucose oxidase, because of its many actual and potential applications in 
industry, analysis and medicine, has been immobilized on a variety of supports 
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yielding preparations with improved stability compared to the native enzyme 
(Braun et a!., 1969; Weetall, 1970; Rao et al., 1981b; Bouin and Hultin, 1982). 
Arica and Hasirci (1993) covalently immobilized glucose oxidase on to 
poly(2-hydroxylethyl methyl acrylate) membranes through epichlorohydrin. The 
immobilized enzyme showed increase in Km and pH optimum without any 
change in the temperature optima. Stability of the system was studied during 
continuous operation of the reactor for over 35 hrs. In another study glucose 
oxidase was covalently immobilized on paramagnetic, non-porous polyacrolein 
beads. Bound enzyme retained activity for longer duration compared to soluble 
enzyme and it was also possible to reuse the beads without any activity loss 
under defined conditions (Varlan et al., 1996). 
A glucose sensitive electrode has been used to monitor and regulate the 
blood glucose concentration in diabetic patients (Albisser, 1982; Thevenol, 
1982). Sriyudthsak et al. (1996) developed a semi-automatic glucose analyzing 
system where glucose oxidase was immobilized in the network of epoxy resin on 
the electrode surface together with ferrocene which was used as electron 
mediator. Glucose in the range of 50 to 4000mg/dl with good linearity till 
400mg/dl could be measured. The sensor was also used to monitor glucose in 
human blood plasma samples. Garn and co-workers (1989) employed a glucosfe 
oxidase based FIA system for glucose monitoring during fermentation process of 
E. coli, S. cerevesiae and S. pilosus. For this purpose glucose oxidase was 
immobilized covalently on glass beads using glutaraldehyde. The hydrogen 
peroxide produced from the glucose oxidation was determined using peroxidase. 
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Analytical systems for monitoring glucose concentration in biotechnological 
process such as in various fermentations have also being developed (Schugerl, 
1991; White et al., 1996; Tothill. et al.. 1997). 
Komori et al. (1987) developed a novel immobilized bi-enzyme system by 
attaching glucoamylase on the surface and glucose oxidase within the polyurea 
microcapsules. It was possible to carry out sequential enzymatic reactions 
efficiently and also reduced the reaction batches volume for bioreactor. 
Successful results have been obtained from the co-immobilization of glucose 
oxidase and catalase on inorganic supports like porous silica, via adsorption on 
silanated Zirconium oxide, or by covalent binding on glass (Kunz and Stastny, 
1974; Carter et al., 1980; Wasserman et al., 1980). More recently Tarhan and 
Tefloncu (1992) immobilized glucose oxidase and catalase on silanated perlite 
using glutaraldehyde as crosslinker. The effect of enzyme ratio on the properties 
of immobilized enzymes was studied. With small alteration in the pH-activity 
profile, the temperature activity curve of immobilized glucose oxidase was 
significantly expanded compared to the native enzyme at all enzyme ratios 
studied. 
1.6.2. Peroxidase 
Peroxidase (HRP donor: hydrogen peroxide, oxidoreductase, EC. 
1.11.1.7) has long been an invaluable tool in life sciences. Horseradish 
peroxidase is a secretory enzyme that takes part in vivo in the formation of free 
radicals vital in polymerization reactions. In vitro, it catalyzes the oxidation of a 
variety of substrates including thioanisoles, aromatic amines, phenols etc by 
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H2O2 (Welinder, 1991). The enzyme itself is a two domain heme containing 
protein with a molecular weight of 44 KDa and is glycosylated at up to eight 
asparagines (Welinder, 1979). Peroxidases have been found intracellularly in 
almost all the organisms studied and occurs as a large family of isoenzyme ( 
Dunford,1991; Miner etal., 1996). 
The broad specificity of the enzyme with high catalytic turnover and 
greater thermal stability (Dunford, 1991) has led to its wide spread use as an 
indicator in oxidase based coupled enzymes assays. 
Attempts have been made to obtain thermally stable derivatives of 
peroxidase either by chemically modifying its amino groups with agents like bis-
imidates and bis-succinimides (Ryan et a!., 1994) and immobilizing it on different 
support. Bartling et al. (1975) used poly(4-methlacryloxy) benzoic acid as the 
carrier for covalent attachment of peroxidase. 
Photochemically initiated graft copolymerization reaction for the 
immobilization of peroxidase was perfomed by Anqiuro et al. (1987). Husain et 
al. (1992) immobilized peroxidase through its carbohydrate moieties on different 
supports yielding highly stabilized preparations. Covalent immobilization of 
invertase and peroxidase on Con A-Sepharose was reported by Husain and Jafri 
(1995) with high coupling efficiencies. Liu and Scouten (1996) immobilized 
peroxidase through its sugar residues on cellulose beads using catechol[2-
(diethlyamino) carbonyl-4-bromomethyl] phenyl boronate as the ligand. The 
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enzyme retained 90% of its original activity after immobilization, which was 
oriented and reversible in nature. 
In view of the significance of the H2O2 assay in food, phamnaceutical, and 
environmental analysis (Tatsuma and Watanabe, 1991; Wang et a!., 1993), 
peroxidase based sensors are receiving remarkable attention (Sanchez et a! ., 
1990; Cowell et al., 1992). Lei and Deng (1996) prepared a hydrogen peroxide 
sensor by co-immobilizing methylene green and horseradish peroxidase on 
glassy carbon electrode surface using glutaraldehyde. The sensor responded 
rapidly to low concentration of peroxide with the detection limit being 4x10"^  M 
H2O2. 
1.6.3. Invertase 
p-D-fructo furanoside, p-D- furanoside fructohydrolase (E.G.3.2.1.26) or 
invertase was first described in Baker's yeast by Berthlot (1860). Invertase was 
purified in 1978 by Babczinski and Tanner (1978) and was found to be a 
phospho-mannan protein containing 50% carbohydrates in the form of high 
mannose type oligosaccharide chains (Trimble and Maley, 1977). It catalyzes 
the hydrolysis of sucrose, to an equimolar solution of glucose and fructose and 
also acts on other related sugars like raffinose and p-D fructofuranoside. 
Invertase has been immobilized on a variety of supports like bentonite yielding 
preparations with enhanced thermal stability (Monsan and Durand, 1971), and 
on DEAE cellulose to yield preparations with enhanced storage stability (Usami 
et al., 1971). Woodward and Wiseman (1978) immobilized invertase on 
35 
microcrystalline cellulose, DEAE and CM-Sephadex and insolubilized Con A 
with maximum activity obtained with Con A mediated immobilization. Broadening 
of pH curves and enhanced themnai stability was observed in cellulose and Con 
A immobilized preparations. The involvement of salt links in the stabilization of 
invertase was also confirmed by these authors. D' Souza and Nadkami (1980) 
used hen's egg white as support for invertase immobilization and preparation 
was used for continuous hydrolysis of sucrose. 
Liquid fiuidized bed reactor for continuous conversion of sucrose was 
developed employing invertase immobilized in polyacrylamide gel (Dogu et al., 
1985). Melo and D'Souza (1992) covaiently coupled invertase to Osicmum 
basilicum seeds through its carbohydrate moiety either by epoxy activation or 
periodate oxidation of the seeds. Better results were obtained when enzyme 
was immobilized via cartx>hydrate residues. Immobilized preparations had 
enhanced thermal stability and could be repeatedly used for the sucrose 
hydrolysis in batch processes without appreciable loss in the activity. 
Invertase with high activity was obtained after immobilizing on 
immunoaffinity support employing antiinvertase antibodies. The bound form of 
the enzyme showed markedly enhanced thermal stability which could be further 
improved after crosslinking with glutaraldehyde (Jafri et a!., 1993; 1995). More 
recently Jafri and Saleemuddin (1997) have immobilized invertase on 
Sepharose 4B affinity column to which antibodies recognizing the enzyme 
glycosyl groups were covaiently linked. The affinity absorbent was effective in 
binding and improving the thermal stability of invertase. 
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Invertase has also been immobilized on Con A linked to beaded cellulose. 
Binding of the enzyme depends upon the concentration of Con A on the 
cellulose. Elution of the enzyme using aHfnethyl mannoside was also studied 
(Mislovicova, 1995). 
1.6.4. Amyloglucosidase 
Also called glucoamylase (1,4a-glucan-glucohydrolase, E.C.3.2.1.3) 
amyloglucosidase is an exo-splitting enzyme that catalyzes the stepwise 
hydrolysis of a(1,4) linkages, to a lesser extent a(1,6) linkages from the non-
reducing end of starch and glycogen (Forgarty, 1983). The enzyme has been 
purified to homogeneity from several species of fungi (Lineback et al., 1969; 
Yamasaki, 1977b) and was shown to be a glycoprotein with a molecular weight 
between 50-100 KDa with cartwhydrates making up to 12% of the weight (Rao 
et al., 1981a). Two isomeric form of amyloglucosidase were reported in 
Aspergillus niger (Venkataramu et a!., 1975), Penicillin oxacilum (Yamasaki et 
al., 1977a). 
Glucoamylase has potential in food industry as it is used in soluble form 
for large scale saccharification of starch to glucose syrup (Forgarty, 1983). The 
enzyme has been immobilized on a variety of supports to yield stable and 
reusable enzyme preparation for commercial use (Pitcher, 1980; Coulet et 
al.,1974; Slininger et al., 1988). Rao et al. (1981b) reported the enhancement in 
themial stability of the enzyme after entrapment in polyacrylamide and 
polyacrylate gels. Glucoamylase has also been immobilized on granular chick 
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bone (BIOBONE™) by non-covalent interactions. The preparations thus 
obtained showed altered Km but were more stable in the presence of various 
additives (detergent, KCI, ethanol) or under extremes of pH and had minimum 
substrate/ product diffusional limitation (Schafhauser and Storey, 1992). 
Increased VIMX was seen when the enzyme was immobilized through its 
cartx)hydrate chains on poly-ethyleneimine coated magnetite cross-linked with 
glutaraidehyde and derivatized with adipic dihydrazide. Periodate oxidation was 
used to convert diol of sugars to aldehyde groups (Pieters and Bardeletti, 1992). 
Mukataka et al. (1993) immobilized glucoamylase on pig bone (BP) particles-
100. It was found that presoaking of the support with substrate prior to 
immobilization greatly increased the immobilization yield as well as enzyme 
activity. 
1.6.5. p-galactosidase 
Glycosidases occur widely in nature in animals, plants and 
microorganisms. Aspergillus niger is reported to have several exoglycosidases 
such as a- and p- galactosidases, a- and p-glucosidases apart from others (Bah! 
and Aggrawal, 1969; Lee and Wacek, 1970). p-galactosidase is specific for the 
p-galactosidic linkage from the non-reducing terminus of sugars and rapidly 
hydrolyzes methly p-D-galactopyranoside and lactose (Bahl and Aggarwal, 
1972) with maximum activity between pH 3.2-4.0. The enzyme has been purified 
from a number of sources like bovine testis (Distler and Jourdian, 1973), Jack 
bean (Li-Chen et al., 1975), bacterial sources (Craven et al., 1965) and has both 
hydrolytic and transferase activity (Zarate and Lopez-levia, 1990). 
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P-galactosidase has potential application in food industry for removal or 
disposal of whey, crystallization of lactose in milk products and in treatment of 
milk for use by intolerant individuals (Makkar and Dutta, 1979). For this purpose 
immobilization of enzyme was attempted to obtain stable and reusable enzyme 
preparations. Makkar et al. (1981) obtained a pH stable immobilized p-
galactosidase by entraping the enzyme in polyacrylamide gel lattice. There was 
no significant change in the thermal stability, but the preparation showed 
improved storage stability of over 30 days. Merkigel (controlled pore silica) 
column has been employed for the immobilization p-galactosidase for continuous 
production of oligosaccharides (Mozaffar et al., 1986). Stabilization of p-
galactosidase has been observed in presence of specific anti-enzyme antibody 
(Melchers and Messers, 1970). 
More recently Narinesingh and co-workers (1991) developed a FIA 
system for rapid and accurate detection of lactose by using covalently 
immobilized p-galactosidase on 2 fluoro-1-methylpyridinium salt-activated 
support. Lactose in the range of 16-160 iig/ml could be measured with in linearity 
and 30-40 samples analyzed per hour with good agreement with existing 
standard HPLC and other techniques. 
1.7 Objective of the present work 
It is now recognized that sensitivity of enzyme based sensors depends 
upon the amount of the enzyme immobilized on the sensor surface in a manner 
that facilitates good expression of its catalytic activity. The life of the sensor on 
39 
the other hand depends upon the stability of the immobilized enzyme against 
inactivation. Generally the area of the sensor surface available for the enzyme 
immobilization is limited, restricting the amount of enzyme that can be 
immobilized. Earlier studies have been shown that lectin Concanavalin A can be 
used for the effective immobilization of several glycoenzymes. Reports 
describing stable immobilization of some enzymes with the help of 
polyclonal/monoclonal antibodies are also available. Taking into consideration 
the multivalent nature of Con A and IgG attempts were made to assemble some 
enzymes including glucose oxidase and peroxidase in the form of layers on solid 
support/sensor surface in order to raise the amount of enzyme immobilized 
significantly. Investigation on the properties of enzymes especially those related 
to the stability were also undertaken and reversibility of the assembly of the 
enzyme layers studied in view of the well known advantages of sensors in which 
inactivated enzyme can be replaced with a fresh preparation. Evaluation of the 
performance of sensors bearing enzymes assembled in high concentrations with 
the help of Concanavalin A or polyclonal antienzymes antibodies also constituted 
a part of the study. 
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Materials and Methods 
MATERIALS 
The chemicals used in the present research work were obtained from 
various sources as detailed below. Glass distilled water was used in all 
experiments. 
Chemical 
Acetonitrile 
2,2"-Azino-bis(3-Ethylbenz-thiazoline-6-
sulphonic acid 
Acetic acid diammonium salt 
Acrylamide 
Agarose 
Ammonium sulphate 
Ammonium per sulphate 
Amyloglucosidase 
Bovine serum albumin 
Bromophenol blue 
Coomassie brilliant blue R-250 
Copper sulphate 
Cobalt chloride 
Calcium chloride 
Cyanogen bromide 
Concanavalin A 
CNBr - activated Sepharose 4B (fast flow) 
Diethylaminoethyl cellulose 
2,4, dinitrosalicylic acid 
o-Dianisidine hydrochloride 
Ethanolamine 
Ethylene diamine tetraacetic acid (EDTA) 
Folin's reagent 
Formaldehyde 
Freund's complete adjuvant 
Freund's incomplete adjuvant 
Source 
Veb. Lab., Germany 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
Sisco Research Lab., India 
Sisco Research Lab., India 
Sisco Research Lab., India 
Sisco Research Lab., India 
Sigma Chemical Co., USA 
Sisco Research Lab., India 
B.D.H., Poole, England 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Sisco Research Lab., India 
Sigma Chemical Co., USA 
Pharmacia Fine Chem., Sweden 
Difco Lab., USA 
Sisco Research Lab., India 
CBT, New Delhi, India 
Sisco Research Lab., India 
Sisco Research Lab., India 
Sisco Research Lab., India 
Sisco Research Lab., India 
Difco Lab.. USA 
Difco Lab., USA 
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Glycerol 
Glycine 
Glucose oxidase 
Glutaraldehyde 
P-Galactosidase 
Human serum albumin 
Horse radish peroxidase 
Hydrogen peroxide 
isopropanoi 
Invertase 
Jackbean meal 
Methanol 
3-mercaptoethanol 
aD-methylmanopyranoside 
N'N', Methylene bisacrylamide 
Nithc acid 
Potassium dichromate 
Potassium thiocyanate 
Potassium phosphate 
o-Nitrophenyl p-D-galactopyranoside 
Sepharose 4B 
Starch 
Sucrose 
Silver nitrate 
Sodium phosphate 
Sodium carbonate 
Sodium chloride 
Sodium potassium tartarate 
Sodium lauryl sulphate 
Tris (hydroxymethylaminoethane) 
N.N.N'.N'; Tetramethylethylene diamine 
VA Epoxy carrier synth E-3 carrier 
Sisco Research Lab., India 
Sisco Research Lab., India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Fluka Chem. Co., Germany 
Qualigens Fine Chemicals, India 
Sigma Chemical Co., USA 
DifcoLab. USA 
Qualigens Fine Chemical, India 
E-Merck, Germany 
Sigma Chemical Co., USA 
Sisco Research Lab., India 
Qualigens Fine Chem., India 
Qualigens Fine Chem., India 
Qualigens Fine Chem., India 
Qualigens Fine Chem., India 
Sisco Research Lab., India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
B.D.H. Poole, England 
E-Merck, India 
Qualigens Fine Chem., India 
Qualigens Fine Chem., India 
Qualigens Fine Chem., India 
Qualigens Fine Chem., India 
Sigma Chemical Co., USA 
Qualigens Fine Chem., India 
Sigma Chemical Co., USA 
Fluka Chemical Co., Germany 
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METHODS 
2.1 IMMUNOLOGICAL METHODS 
2.1.1 Preparation of the Antigens 
For the immunization of rabbits, the antigens glucose oxidase or horse 
radish peroxidase (300 ^g/0.5 ml) in 50 mM sodium phosphate buffer, pH 7.0 
were mixed with Freund's complete adjuvant in the ratio of 1:1. Booster doses of 
the antigens were prepared by mixing 150 ^g/0.5 ml solution of antigen with 
equal volume of Freund's incomplete adjuvant. The oil-buffer mixture was 
thoroughly emulsified by using a 21 gauge syringe. 
2.1.2 Immunization 
Healthy albino rabbits weighing between 2-3 Kg were used for 
immunization. The rabbits were bled prior to immunization and the sera obtained 
served as control. 
Rabbits were injected subcutaneously with 1.0 ml of glucose oxidase or 
peroxidase antigen, and the animals were rested for 15 days. Booster doses 
were given weekly for 4 weeks. After resting of the animal for a week, blood was 
collected by cardiac puncture and clot formation allowed at room temperature for 
2 hrs. The blood was centrifuged to collect antiserum which was stored in small 
aliquots at -20°C. 
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2.1.3 Ouchterlony Double Diffusion 
The procedure of immunodiffusion as described by Ouchterlony (1949) 
was used to study the precipitation reaction between antigen and antibody. Agar 
plates were prepared by pouring 25 ml of 0.1% agarose solution prepared in 
normal saline. The gel was allowed to solidify and wells punched. Glucose 
oxidase or peroxidase (about 30 ^g) was loaded in the central well and 5-15 ^1 of 
adequately diluted antiserum was added in the peripheral wells. The antigen was 
loaded after 4 hrs of application of antiserum. The plates were incubated at room 
temperature overnight for the reaction to proceed. 
2.1.4 Isolation and Purification of Immunoglobulin G from the Antisera 
2.1.4.1 Ammonium sulphate fractionation 
Twenty five ml of antiserum was mixed with equal volume of 20 mM 
sodium phosphate buffer, pH 7.2 and 5.7 g of solid ammonium sulphate was 
added. The mixture was stirred to dissolve ammonium sulphate and to make it 
20% saturated. After 6 hrs the sample was centrifuged at 5000 rpm for 20 min 
and the supernatant was made 40% saturated with respect to ammonium 
sulphate by adding 6.15 g of the solid. After dissolution, the precipitation was 
allowed to occur for 15 hrs at 4°C. The precipitate obtained was collected after 
centrifugation at 5000 rpm for 20 min. Most of the gammaglobulins were present 
only in the 20-40% pellet which was dissolved in minimum volume of 20 mM 
sodium phosphate buffer, pH 7.2 and extensively dialysed against same buffer 
with several changes. 
44 
2.1.4.2 DEAE - cellulose chromatography 
Required amount of DEAE-cellulose was suspended in 10 volumes of 0.5 
N HCI for 1 hr and washed in a buchner funnel with distilled water till the filtrate 
had neutral pH. The exchanger was then treated with 0.5 N NaOH for 1 hr and 
again washed with distilled water till the filtrate had neutral pH. The DEAE-
cellulose was then resuspended in 20 mM sodium phosphate buffer, pH 7.2 to 
obtain a homogenous slurry. Fine particles were removed by decantation and 
the slurry was poured in clean vertically mounted column (1.8 x 10 cm). The flow 
rate was gradually increased to 30 ml/hr. The buffer was carefully removed from 
the surface and the protein sample (20-40% ammonium sulphate precipitate) 
was applied. Three ml fractions of IgG were collected after washing the column 
with one bed volume and analysed for protein content. 
2.2 ENZYME IMMOBILIZATION 
2.2.1 Preparation of Jack bean Extract 
For the preparation of crude Con A solution, 10 g of commercial Jack 
bean meal was suspended in 100 ml of 0.1 M sodium phosphate buffer, pH 6.0. 
The suspension was stirred at 37°C for 2 hrs, and centrifuged at 10,000 rpm for 
30 min at 4°C The clear supernatant obtained was used as the source of Con A 
for the immobilization of p-galactosidase on Con A-Sepharose. The protein 
concentration of the extract was determined by the procedure of Lowry et al. 
(1951). Prior to its use in affinity layering, the extract was dialysed against 0.1 M 
sodium acetate buffer, pH 5.2 containing 1 mM each of CaCb, MgCb, MnCb and 
0.15 NaCI(Yarivetal., 1968). 
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2.2.2 Immobilization of IgG/Con A on Sepharose 
Sepharose 4B was activated as described by Porath et al. (1967). Five 
grams of Sepharose was washed thoroughly in a sintered glass funnel with 
distilled water. The gel was sucked dry and then suspended in 5.0 ml of distilled 
water and 5.0 ml of 2.0 M Na2C03. The slurry was stirred at room temperature 
for 15 min by placing it on a magnetic stirrer. One gram of cyanogen bromide 
dissolved in 1.0 ml of acetonitrile was added to the beaker containing Sepharose 
and mixed thoroughly in cold for 10 min. The whole mass was rapidly transferred 
to a glass sintered funnel and washed successively with 0.1 M sodium 
bicarbonate buffer, pH 8.5, distilled water and again with the buffer. The gel was 
dried and suspended in 5.0 ml of 0.1 M sodium bicarbonate buffer, pH 8.5. 
Appropriate amount of Con A or Immunoglobulin G was dissolved in 0.1 M 
bicarbonate buffer, pH 8.5 and added to the CNBr activated Sepharose. The 
suspension was stirred gently for 24 hrs at A°C. The Sepharose bound protein 
was separated by centrifugation and the protein in the supernatant was 
quantitated by the procedure of Lowry et al. (1951) in order to calculate the 
amount of protein bound. The protein bound matrix was thoroughly washed with 
0.1 M bicarbonate buffer pH 8.5; 1.0 M NaCI and then with 0.1 M bicarbonate 
buffer pH 8.5. The washed suspension was then treated with 0.1 ml of 98% 
ethanolamine. The matrix was washed with 0.1 M bicarbonate buffer pH 8.5; 1.0 
M NaCI, distilled water and finally with 0.1 M sodium acetate buffer, pH 5.2 (for 
Con A-Sepharose) or 20 mM sodium phosphate pH 7.2 (for IgG-coupled matrix). 
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Matrix bound Con A was activated by the method of Yariv et al. (1968). 
The Con-A-Sepharose was suspended in 0.1 M sodium acetate buffer pH 5.2 
containing 1 mM each of CaCb, MgCb, MnCb; 0.16 M NaCI and stirred for 12 
hrs in cold. 
2.2.3 Bioaffinity Layering of Glycoenzymes with the Help of Con A 
Activated Con A-Sepharose prepared as described earlier was washed 
with 0.1 M sodium acetate buffer, pH 5.2. The preparation containing 1.7 mg 
Con A per ml gel was used for the immobilization of glycoenzymes for affinity 
layering. One ml of Con A-Sepharose was incubated with appropriate units of 
glycoenzymes (glucose oxidase, invertase, p-galactosidase and gluco-amylase) 
in 0.1 M sodium acetate buffer, pH 5.2 in a total volume of 4.0 ml for 6 hrs at 
20*'C with gentle continuous stirring. The matrix bound enzyme was separated 
by centrifugation at 3000 rpm for 5 min. The Sepharose support with bound 
enzyme was washed with 10 volumes of the same buffer in order to remove the 
nonspecifically bound enzyme. The enzyme activity was determined in the 
supernatant, washings and on the matrix by assaying appropriate quantities of 
the samples. The activity in the supernatant and the washings was substracted 
from that added in order to determine the theoretical value of the immobilized 
enzyme and the enzyme activity expressed on the matrix was taken as actual 
activity. Values of the effectiveness factor '-q' were calculated as the ratio of the 
actual to theoretical activity (Muller and Zwing, 1982). The preparation obtained 
thus was considered to contain one affinity layer. For the formation of the 
successive affinity layers, the preparation was incubated with higher 
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concentration of activated Con A solution for 6 hrs at 20°C, washed with 10 
volumes of 0.1 M sodium acetate buffer, pH 5.2 to remove the unbound Con A. 
Protein was estimated by the procedure of Lowry et al. (1951) in the supernatant 
and washings to determine the amount of bound Con A. This was followed by 
incubations with fresh glycoenzyme for the same duration. The alternate 
incubations with Con A and glycoenzyme were continued to obtain preparations 
with required number of affinity layers. 
2.2.4 Bioaffinity Layering of p-Galactosidase Using Crude Con A 
For the formation of bioaffinity layered p-galactosidase using Jack t)ean 
extract, Sepharose precoupled with 2.8 mg Con A per ml gel was incubated with 
appropriate amounts of enzyme for 6 hrs at 20°C, washed with 0.1 M sodium 
acetate buffer pH 5.2 to remove the unbound enzyme. The activity was 
measured to determine the actual and theoretical values for the calculation of 
effectiveness factor after the formation of successive layers. The protocol as 
described earlier was followed replacing pure Con A with Jack bean extract. 
2.2.4.1 Preparation of bioaffinity layered glucose oxidase cartridge 
One ml of Sepharose matrix with bound glucose oxidase assembled as 
affinity layers on Con A-Sepharose as described earlier were packed in flow 
through cartridges (Mobitec, Germany) and integrated into a FIA system 
connected to an oxygen electrode. The signal response of the biosensor was 
measured as a function of glucose concentration. Prior to measurements, the 
enzyme cartridge was washed with 50 mM potassium phosphate buffer, pH 7.0 
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containing 3 g/l NaCI, which was used as carrier buffer during the calibrations. 
The buffer was sonicated in order to remove air bubbles. 
2.2.4.2 Preparation of bioaffinity layered glucose oxidase or peroxidase 
pH-FETs : 
2.2.4.2.1 Preparation of Con A/HSA or starch membrane 
The procedure described by Koneke et al. (1996) was followed. Con A (5 
mg/ml) was prepared in 0.1 M sodium acetate buffer, pH 5.2 containing 1 mM 
each of CaCb, MnCb, CaCb and 0.15 M NaCI. The solution was diluted 1.5 
times with the buffer and 5 \i\ of this was mixed with 1 i^ l of HSA and 1.5 fil of 
25% glutaraldehyde was added. After mixing thoroughly an aliquot of 0.7 ^1 was 
rapidly placed on the gate of pH-FET (controlled under a stereomicroscope). The 
membrane was dried in clean air chamber for 1 min and washed with the same 
buffer. Finally the pH-FET with Con A membrane was placed in 0.01% 
ethanolamine for 30 min to block the unreacted aldehyde groups. The FET was 
washed with 50 mM potassium phosphate, pH 7.0, 0.1 M NaCI buffer to remove 
excess ethanolamine and placed in the same buffer. 
For the preparation of starch membrane, 5 1^ of 10% starch prepared in 
50 mM potassium phosphate buffer, pH 7.0; 0.1 M NaCI was mixed with 1.5 jil of 
25% glutaraldehyde and 1 |il of buffer. After mixing, 0.7 ^1 from this cocktail was 
placed on gate of pH-FET. The membrane was dried and treated with 
ethanolamine as described earlier. 
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2.2.4.2.2 Bioaffinity layering of glucose oxidase and peroxidase on pH-
FETs 
The pH-FET with Con A or starch basic membrane was integrated into a 
FIA system using a flow through cell for immobilization of enzyme with the help 
of Con A and calibration of the pH-FET. For assembling layers of glucose 
oxidase and peroxidase on the basic membrane, glucose oxidase (3 mg/ml) or 
peroxidase (1 mg/ml) solution in 50 mM potassium phosphate pH 7.0; 0.15 M 
NaCI, were circulated over the FET fitted in the flow through cell using a 
peristaltic pump at a flow rate of 0.5 ml/min for 1 hr. After binding of the enzyme, 
buffer was passed to remove the unbound enzyme at a flow rate of 1.4 ml/min 
for 5 min. The activity of the glucose oxidase and peroxidase membrane was 
determined using glucose and H2O2 standards prepared in carrier buffer 
respectively. The standards in each case were mixed with 0.1 M potassium 
ferricyanide used as co-substrate (Shulga et al., 1994; Shulga and Gibson, 
1994) in the ratio of 1:1. After calibration, the pH-FET was washed with buffer for 
5 min and Con A solution (3 mg/ml) was circulated through the pH-FET at a flow 
rate of 0.5 ml/min for 1 hr to assemble second Con A layer. After washing step, 
the binding cycles with enzyme or Con A were continued under same condition 
as described above for required number of times. After each enzyme binding 
cycles, calibrations were performed using same standards. A duration of 3 hrs 
was required to complete one cycle of Con A binding, enzyme binding and 
calibration. The entire process was automated and data at the end analysed 
using the software CAFCA. 
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2.2.5 Immunoaffinity Layering of Enzymes 
2.2.5.1 Immunoaffinity layering of glucose oxidase or peroxidase using 
pure IgG 
IgG-Sepharose was prepared according to the procedure of Porath et al. 
(1967). For the immobilization Sepharose with 5 mg bound IgG per ml gel was 
used. One ml of IgG-Sepharose washed with 20 mM sodium phosphate buffer, 
pH 7.2 was incubated with required amounts of glucose oxidase or peroxidase in 
same buffer for 8 hrs at 20*'C. The enzyme coupled Sepharose was centrifuged 
at 5000 rpm for 5 min to remove the unbound enzyme. The matrix was washed 
with 10 volumes of same buffer to remove nonspecifically bound enzyme. 
Activity was determined in supernatant, washings and on the matrix by assaying 
appropriate aliquots to calculate the actual and theoretically bound enzyme. The 
preparation thus obtained was considered as having one affinity layer. This was 
incubated with fresh IgG solution under conditions described earlier for the 
formation of second IgG layer. The matrix was washed with 20 mM sodium 
phosphate buffer, pH 7.2 and protein determined in supernatant and washings. 
For the formation of subsequent layers, this preparation was incubation with 
enzyme and IgG to assemble required number of layers on the support. 
2.2.5.1.1 Preparation of immunoaffinity layered glucose oxidase or 
peroxidase enzyme cartridges 
2.2.5.1.1.1 Immunoaffinity layering on CNBr-Sepharose fast flow 
Glucose oxidase or peroxidase were immobilized on Sepharose fast flow 
precoupled to anti enzyme antibody in the form of affinity layers as described 
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earlier and packed in 1.0 ml flow through cartridges. The enzyme cartridges 
were integrated to a FIA system for measuring the sensor signal, using oxygen 
electrode in case of glucose sensor as a function of glucose concentration. 
Spectrophotometer (6010 Skatar type) with a flow through cell was used as a 
transducer to measure the signal of peroxidase sensor as a function of H2O2 
concentration by measuring oxidation of chromogenic dye ABTS. 
2.2.5.1.1.2 Immobilization of glucose oxidase on VA Epoxy carrier 
Five milligrams of IgG was dissolved in 600 nl of 1.0 M potassium 
phosphate buffer, pH 7.0 and added to a cartridge (f^obitec) containing 200 mg 
of VA-Epoxy-Biosynth E-3 carrier. The IgG cartridge was incubated at room 
temperature (25°C) to facilitate immobilization. After washing off the 
nonspecifically bound IgG with 20 mM sodium phosphate buffer, pH 7.0, glucose 
oxidase and IgG solutions prepared in the buffer were circulated through the 
cartridge as described earlier at a flow rate of 0.5 ml/min to assemble required 
layers of glucose oxidase. After completion of the immobilization process the 
cartridge was integrated into a FIA system. 
2.2.5.2 Immunoafflnity layering of glucose oxidase using unfractionated 
antiserum 
One ml of Sepharose with precoupled IgG at a concentration of 6 mg/ml 
gel was washed with 20 mM sodium phosphate buffer pH 7.2 and incubated with 
appropriate amounts of glucose oxidase .in the same buffer in a total volume of 
4.0 ml for 8 hrs. The unbound enzyme was removed by centrifugation at 5000 
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rpm for 5 min and washing with 10 volumes of same buffer. Glucose oxidase 
activity was determined in the supernatant, washes and on the matrix. 
Theoretical and actual bound activity was determined for the calculation of 'TI' 
values (Muller and Zwing, 1982). For the formation of next IgG layer, the 
preparation obtained thus was incubated with appropriate amount of antiserum 
under conditions described earlier. The unbound fraction was removed by 
washing and protein estimations were performed. Alternate incubation with 
glucose oxidase and antiserum were continued as required. During all the 
incubations for enzyme immobilization, the suspensions were gently agitated 
using a magnetic stirrer. 
2.3 MEASUREMENTS WITH BIOSENSORS 
2.3.1 Flow Injection Analysis with Enzyme Cartridges 
Cartridges filled with one ml of Sepharose or Epoxy support with affinity 
layered glucose oxidase or peroxidase was integrated in a FIA system 
connected to a transducer. Signal generated by the action of glucose oxidase 
and peroxidase were respectively determined using an oxygen electrode or 
spectrophoto-metrically. The FIA used was EVA-line and comprised of peristaltic 
pumps, selector valve and an injector valve (Eppendorf, Nethler ?nd Hinz, 
Hamburg, Germany). Samples were injected into the carrier flow stream of 20 
mM potassium phosphate buffer, 3 g/l NaCI, pH 7.0 to the cartridge. Carrier flow 
rate was maintained at 1.4 ml/min and air bubbles were avoided at all stages. 
The FIA system was controlled by a 486 personel computer. The controlling and 
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evaluating software was CAFCA, developed by Anasyscon, Hannover, 
Germany, was used. (Fig. 2.1 A). 
2.3.1.1 Measurements with glucose oxidase or peroxidase layered 
enzyme cartridges 
A Clark type oxygen electrode constructed as a small flow through cell 
with platinum anode and silver cathode with a 12 micron teflon membrane was 
used as transducer during the analysis of glucose (Fig. 2.1 B). Oxygen 
consumption during enzymatic reaction was measured as the change in voltage 
and signal was amplified. Glucose samples were prepared in carrier buffer 
and injected at a flow rate of 1 ml/min and sample volume was 30 (il. For the 
quantitation of H2O2, a spectrophotometer was used as a transducer. The 
photometer used a flow through cell and was of Skalar 6010 type. H2O2 samples 
were prepared in 50 mM potassium phosphate buffer pH 7.0; 3 g/l NaCI 
containing 1.3 g/l ABTS. The activity of immobilized peroxidase was determined 
by measuring the oxidation of ABTS at 425 mM (Kleinhammer and 
Mattesberger, 1986). Stopped flow technique was used during the analysis, in 
which the carrier flow rate was stopped for 40 s to 1 min, once the sample 
reached the cartridge. 
2.3.2 Flow Injection Analysis with pH-FET 
A commercially available flow system (EVA : Eppendorf Gerateban-
Nethler Hinz, Hamburg, Germany) was used whose assembly consisted of two 
4-channel pumps, an injector valve, and a selector which could be switched 
between eight different channels (Standard, buffer, enzyme and Con A solution). 
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evaluating software was CAFCA, developed by Anasyscon, Hannover, 
Germany, was used. (Fig. 2.1 A). 
2.3.1.1 Measurements with glucose oxidase or peroxidase layered 
enzyme cartridges 
A Clark type oxygen electrode constructed as a small flow through cell 
with platinum anode and silver cathode with a 12 micron teflon membrane was 
used as transducer during the analysis of glucose (Fig. 2.1 B). Oxygen 
consumption during enzymatic reaction was measured as the change in voltage 
and signal was amplified. Glucose samples were prepared in carrier buffer 
and injected at a flow rate of 1 ml/min and sample volume was 30 lal. For the 
quantitation of H2O2, a spectrophotometer was used as a transducer. The 
photometer used a flow through cell and was of Skalar 6010 type. H2O2 samples 
were prepared in 50 mM potassium phosphate buffer pH 7.0; 3 g/l NaCI 
containing 1.3 g/l ABTS. The activity of immobilized peroxidase was determined 
by measuring the oxidation of ABTS at 425 mM (Kleinhammer and 
Mattesberger, 1986). Stopped flow technique was used duhng the analysis, in 
which the carrier flow rate was stopped for 40 s to 1 min, once the sample 
reached the cartridge. 
2.3.2 Flow Injection Analysis with pH-FET 
A commercially available flow system (EVA : Eppendorf Gerateban-
Nethler Hinz, Hamburg, Germany) was used whose assembly consisted of two 
4-channel pumps, an injector valve, and a selector which could be switched 
between eight different channels (Standard, buffer, enzyme and Con A solution). 
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Fig. 2.1 Schematic representation of the FIA system employed for the 
measurements with enzyme cartridge (A) and oxygen electrode (B). 
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Electrolyte 
IT Teflon membrane 0" ring Platinum cathode Isolator Silver anode 
The speed of the pump and channels could be controlled as desired and the 
time of injection varied. The system was controlled by a 486 personal computer, 
and controlling and evaluating software CAFCA developed by Anasyscon, 
Hannover, Germany was used (Fig. 2.2). 
The pH-FET was integrated into the system using a flow through cell and 
when needed another pump and mixing chamber was connected to the system 
for proper dilution and mixing of samples (during on-line measurement of 
cultivation). For the continuous analysis in all experiments 20 mM potassium 
phosphate buffer, pH 7.0, 0.15 M NaCI was used as carrier unless stated 
otherwise (Fig. 2.2). 
Transistors for the pH-FET manufactured according to the planer silicon 
technology with n-Si/Si02/S3Na4 structure were used along with a reference 
Ag/AgCI electrode. The pH-FETs were purchased from AEG research centre 
(Ulm, Germany). 
2.3.2.1 Measurements using glucose- or H2O2- sensitive enzyme pH-
FETs 
Bioaffinity immobilized glucose oxidase and peroxidase as affinity layers 
on pH-FET as described earlier were used for the measurement of glucose and 
H2O2. The FETs were integrated into a FIA system and 50 mM potassium 
phosphate buffer pH 7.0; 3 g/i NaCI was used as carrier at a flow rate of 1.4 
ml/min. Glucose and H2O2 samples were prepared in the same buffer and 
injected at a flow rate of 1 ml/min for indicated time in the carrier flow. Prior to 
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Fig. 2.2 Schematic representation of the FIA system used for the 
immobilization of enzyme, Con A and calibration of the pH-FET. 
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analysis, the samples were mixed with 0.1 M potassium ferricyanide prepared in 
buffer in the ratio of 1:1 which was used as co-substrate (Shulga et al., 1994; 
Shulga & Gibson, 1994). The pH changes occuring due to the enzymatic 
reactions at the pH-FET surface were measured as the charge in voltage and 
amplified. 
2.3.3 Cultivation of Saccaharomyces cerevisiae 
A fermentor with a working volume of 3.0 I was used to cultivate yeast 
cells on a semi-synthetic Schatzmann medium (Schatzmann, 1975). The 
medium was autoclaved prior to the addition of the vitamins. The temperature of 
the fermentor was maintained at 30°C and pH 4.0 by automatic titration with 1.0 
M NaOH. A few drops of antifoam was added to culture medium. The innoculum 
(100 ml) was grown overnight on YMB (Difco, USA) at 30°C in a rotating shaker. 
For the measurement of medium glucose, a continuous cell-free stream was 
withdrawn for the reactor using an in situ sampling probe (Scheper et al., 1996) 
and pumped to FIA system which was integrated with the glucose oxidase 
bioaffinity layered FET. Medium glucose was measured every 7.5 min with the 
injection time of 10 s under conditions used during calibration. 
2.4 POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE) 
2.4.1 Non-Denaturing PAGE 
Electrophoresis was performed essentially according to the method of 
Laemmli (1970) using slab gel apparatus manufactured by Biotech India. A stock 
solution of 30% acrylamide containing 0.8% bisacrylamide was mixed in 
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appropriate order and proportions to give the desired percentage of gel. It was 
then poured into the mould formed by two glass plates (8.5 x 10 cm) separated 
by 1.5 mm thick spacers. Bubbles and leaks were avoided. A comb providing a 
template for 7 wells was quickly inserted into the gel film and polymerization 
allowed to occur. After 15-20 minutes, the comb was removed and wells cleaned 
and overlaid with running buffer. Samples containing 15-35 \iQ protein mixed with 
equal volume of sample buffer (containing 10% (v/v) glycerol, 0.0625 M Tris HCI 
pH 6.8 and traces of bromophenol blue as tracking dye) were applied to the 
wells. Electrophoresis was performed at 100 V in electrophoresis buffer 
containing 0.025 M Tris and 0.2 M glycine until the tracking dye reached the 
bottom of the gel. 
2.4.2 SDSPAGE 
SDS PAGE was performed by the Tris-glycine system of Laemmli (1970) 
using slab gel electrophoresis apparatus manufactured by Biotech, India. 
Concentrated stock solution of 30% acrylamide containing 0.8% bis-acrylamide, 
1.0 M Tris (pH 6.8 and 8.8) and 10% SDS were prepared and mixed in 
appropriate proportion to give the final required percentage. It was poured in the 
mould formed by two glass plates (8.5 x 10 cm) separated by 1.5 mm thick 
spacers avoiding leaks and bubbles. A comb providing a template for 7 wells 
was inserted into the gel before the polymerization began, which was removed 
once the polymerization was complete and wells were overiaid with the running 
buffer. Protein samples were prepared in the sample buffer - 0.0625 M Tris HCI 
pH 6.8, 10% v/v glycerol, 1% w/v SDS, traces of bromophenol blue as tracking 
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dye and when required 5% ^-mercaptoethanol. The samples were boiled at 
100°C for 5 minutes. Electrophoresis was performed in electrophoresis buffer 
containing 0.025M Tris. 0.2 M glycine at 100 V till the tracking dye reached the 
bottom of the gel. 
2.4.3 Staining Procedures 
After the electrophoresis was complete the gels were removed and 
protein bands visualized by staining. 
2.4.3.1 Coomassie brilliant blue staining 
Protein bands were detected by staining with 0.1% Coomassie brilliant 
blue R-250 in 40% isopropanol and 10% acetic acid. Destaining was carried out 
with 10% glacial acetic acid. 
2.4.3.2 Silver nitrate staining 
The procedure described by Merril et al. (1982) was followed. After 
electrophoresis the protein bands were fixed by rapidly immersing the gel in a 
mixture of 40% methanol and 10% acetic acid for 1 hr with constant shaking. 
The gel was washed with 10% methanol and 5% acetic acid twice, each time for 
15 min to allow the gel to swell to normal size. This was followed by incubation in 
3.4 mM potassium dichromate solution containing 3.2 mM nitric acid for 15 min 
and washed with distilled water. The washed gel was than immersed in 12 mM 
silver nitrate solution for 20 min washed with distilled water and transferred to 
280 mM solution of sodium carbonate containing formaldehyde to make the gel 
alkaline. The reaction was stopped after 10 min by transfering the gel to 3% 
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acetic acid solution for 5 min. The gels were washed 4-5 times with distilled 
water and finally stored in distilled water. 
2.5 COLORIMETRIC ESTIMATIONS 
2.5.1 Estimation of Protein 
The procedure described by Lowry et al. (1951) was followed for 
estimating protein in all samples. Protein samples \n the range of (0-300 ^g) 
were taken in a set of tubes and final volume was made to 1 ml with buffer. Five 
ml of alkaline copper reagent, prepared by mixing 0.5% (w/v) copper sulphate in 
1.0% sodium potassium tartarate and 2% w/v sodium carbonate in 0.1 N sodium 
hydroxide in the ratio of 1:50, was added to the tubes. This was followed by 10 
min incubation at room temperature after which 0.5 ml of 1 N Folin phenol 
reagent was added with immediate mixing. The blue color developed was read 
at 660 nm after 30 min against a blank prepared in similar manner except, the 
protein sample was replaced with buffer. The protein concentration of various 
samples was calculated from the standard graph prepared using 30 mg/100 ml 
BSA as standard. 
2.5.2 Assay of Glucose oxidase 
Glucose oxidase was assayed by the procedure of Hatton and Regoeczi 
(1976) as modified by Iqbal and Saleemuddin (1983a). Glucose was prepared as 
0.15 M solution. Peroxidase and o-dianisidine hydrochloride were added to 0.05 
M sodium phosphate buffer pH 6.1 to give a final concentration of 0.01%. One ml 
of 0.15 M glucose was added to 1.8 ml of freshly prepared peroxidase/o-
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dianisidine hydrochloride reagent. The tubes were incubated at 37°C for 2 min 
and then 0.2 ml (2.5 ^g) of glucose oxidase was added. The reaction was 
stopped after 10 min by adding 1.0 ml of 4.5 M sulphuric acid and the pink color 
obtained was read at 550 nm. 
One unit of glucose oxidase is the amount that oxidizes 1.0 ^mole of 
glucose to gluconic acid and hydrogen peroxide per min at 37°C, pH 6.1. 
2.5.3 Assay of Invertase 
The assay procedure described by Bemfeld (1955) was followed for the 
activity measurement of invertase. The assay mixture in a total volume of 300 ^ il 
contained 150 |il of 0.2 M sodium acetate buffer pH 4.9, 100 iil of suitably diluted 
enzyme solution and 50 |il of 0.5 M sucrose. The incubation was allowed to 
proceed for 10 min at 37°C and stopped by addition of 0.2 ml of 0.5 M sodium 
phosphate buffer pH 7.0 followed by incubation at 100°C for 5 min. After cooling, 
one ml of 1 % dinitrosalicylic acid reagent was added. The tubes were kept at 
room temperature for 5 min followed by 5 min in a waterbath maintained at 
100°C. Three ml of distilled water was added in each tube, the contents mixed 
and the color intensity read at 540 nm. 
One unit of invertase is the amount that converts one nmole of sucrose to 
glucose and fructose per min at 37°C, pH 4.9. 
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2.5.4 Assay of Amyloglucosidase 
Amyloglucosidase activity was determined essentially as described by 
Rao et al. (1981a). Glucose oxidase in combination with o-dianisidine-HCI and 
peroxidase was used to determine the concentration of glucose produced during 
the enzymatic hydrolysis of starch by amyloglucosidase. The reaction mixture 
contained in a total volume of 1.0 ml, 400 1^ of 0.1 M sodium acetate buffer, pH 
4.5, 100 nl enzyme and 0.5 ml of 2% starch. The assay mixture was incubated at 
37°C for 30 min. and reaction terminated by adding 200 \i\ of 0.3 M Tris. The 
tubes were cooled and then 2 ml of solution C [prepared by mixing solution A 
(containing 10 mg glucose oxidase and 2.5 mg peroxidase in 10 ml of 0.1 M 
sodium phosphate buffer pH 7.0) and solution B (containing 30 mg o-dianisidine 
hydrochloride in 5.0 ml of distilled water) to 85 ml of 20% glycerol] was added 
and the tubes incubated at 37°C for 20 min. The reaction was stopped by the 
addition of 1 ml of 6N HCI. The red color developed was read at 540 nm. 
One unit of amyloglucosidase is the amount that releases 1 ^mole of 
glucose from starch per min at 37°C, pH 4.5. 
2.5.5 Assay of p-Galactosidase 
The activity of p-galactosidase was determined by the protocol defined by 
Khare and Gupta (1988b) with some minor modifications. The assay was 
performed using the synthetic substrate o-nitrophenyl p-D galactopyranoside 
(ONPG). 
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The assay mixture in a total volume of 1.8 ml contained 0.75 ml of 0.6 M 
sodium acetate pH 4.5, 6 mM MgCb, 0.625 ^l distilled water and 0.225 ml of 28 
mM ONPG. The reaction was initiated by adding 200 \i\ of p-galactosidase and 
incubated at 37°C for 10 min. The reaction terminated by the addition of 2 ml of 2 
M NaCOs. The yellow color produced due to the fomnation of o-nitrophenol was 
quantitated at 405 nm. 
One unit of enzyme is the amount that hydrolyses 1 lamole of ONPG to o-
nitrophenol at pH 4.5 per minute at 37°C. 
2.6 Data Analysis 
The data in the thesis are the mean of atleast two independent 
experiments performed in duplicate 
Standard deviation was calculated according to the formula 
S.D = V Ix^ - x.Ix 
n - 1 
where Xi, X2 Xn represents the value of first, second and n'^  observation 
and 'n' is the number of observations. 
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Bioaffinity layering of 
enzymes employing Concanavojin A 
RESULTS 
3.1 BIOAFFINiTY LAYERING OF GLUCOSE OXIDASE ON SEPHAROSE 
PRECOUPLED WITH CON A 
Cyanogen bromide activated Sepharose was incubated with appropriate 
amounts of Con A as detailed in the text in order to couple 1.7 mg protein per ml 
gel. Con A coupled to Sepharose was activated with metal ions and suspended 
in 0.1 M sodium acetate buffer, pH 5.2. For glucose oxidase immobilization, each 
ml of Con A-Sepharose was first incubated with the enzyme in buffer. After 
washing off the unbound enzyme with the same buffer, the Con A-Sepharose 
bound glucose oxidase was reincubated with a fresh sample of activated Con A, 
washed and again incubated with glucose oxidase as described earlier. These 
alternate incubation cycles with Con A and glucose oxidase were continued until 
preparations with required number of affinity layers were obtained. The 
theoretical and actual activity of matrix associated enzyme after the formation of 
various enzyme layers was determined as described in methods. Table 3.1 
summarizes the results obtained during the affinity layering of glucose oxidase 
immobilized as three affinity layers on Sepharose. The Con A-Sepharose was 
highly effective in binding of glucose oxidase and a 15 fold increase in bound 
enzyme activity resulted after three incubations cycles with Con A and glucose 
oxidase. 
An increase in effectiveness factor 'TI' with layering suggested the 
arrangement of enzyme layers with most of the enzyme molecules retaining 
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Table 3.1 
Bioaffinity layering of glucose oxidase performed with the help 
of Con A on CNBr Sepharose ' 
Layer 
number 
1 
II 
III 
Bound glucose oxidase 
(units/ml gel)'' 
Theoretical '^  
(A) 
11 
46 
53 
Actual'' 
(B) 
4 
38 
59 
Effectiveness 
factor 
ir\) (B/A) 
0.36 
0.8 
1.1 
Increase over 
layer 1 
(Fold) 
1 
9.5 
15.0 
^ each value represents the mean of at least two independent experiments 
performed in duplicate. Variation did not exceed 9%. 
" glucose oxidase was assayed as" described by Iqbal and Saleemuddin (1983a). 
One enzyme unit is the quantity of the enzyme that converts one micromole of 
substrate to product per minute under assay conditions at 37 °C. 
'^ detennined by subtracting the number of units of enzyme remaining in the 
supernatant and washings after incubation from those added. 
^ detennined by assaying appropriate aliquots of the immobilized enzyme under 
assay conditions with continuous agitation. 
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catalytic activity. After six incubation of cells, the amount of glucose oxidase 
associated with the support was increased over 250 times more than that bound 
when the matrix was directly incubated with the enzyme (Fig. 3.1 A). The amount 
of Con A associated with the support also increased with layering and so did the 
ability of Con A molecules to bind glucose oxidase as evident from the layer-by-
layer increase in the glucose oxidase-Con A ratios on the support. A remarkable 
17.5 mg Con A and 19.0 mg glucose oxidase were found to be associated with 
one ml of Sepharose after seven incubation cycles (Fig. 3.1 B). 
3.1.1 Effect of Glutaraldehyde Treatment 
Treatment of affinity layered glucose oxidase preparations with 0.5% 
glutaraldehyde resulted in the loss of some enzyme activity. A decrease of 35% 
activity was observed in case of preparation having one layer of enzyme 
compared to only 2% loss in the catalytic activity of preparation comprising of 
three affinity layers of glucose oxidase (Table 3.2). 
3.1.2 Properties of Bioaffmity Layered Glucose oxidase 
3.1.2.1 Effect of pH 
The effect of pH on the activity of soluble as well as bioaffinity layered 
glucose oxidase before and after crosslinking with glutaraldehyde was 
investigated in 50 mM sodium acetate/sodium phosphate buffers in various pH 
regions (Fig. 3.2 A, B). The pH optimum of the bioaffinity layered preparations 
remained unaltered at pH 6.0. The immobilized preparations were however 
found to retain far greater activity in the alkaline range compared to the native 
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Fig. 3.1 Bioaffinity layering induced increase in immobilized glucose 
oxidase (A) and Con A & glucose oxidase (B) on CNBr-Sepharose. 
One ml of CNBr-Sepharose was incubated with Con A and glucose 
oxidase in alternate fashion as described in the text till the formation of 
seven affinity layers. After each binding cycle, the matrix was washed 
thoroughly with 0.1 M sodium acetate buffer, pH 5.2 to remove the 
unbound protein. The matrix bound enzyme ( • ) and Con A ( • ) was 
determined after each layer. 
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Table 3.2 
Effect of glutaraldehyde treatment on the activity of bioaffinity 
layered glucose oxidase 
Layer number 
1 
II 
III 
Glucose oxidase (% activity retained) 
Control 
100 
100 
100 
Glutaraldehyde treated 
67 
76 
98 
Appropriate units of glucose oxidase immobilized as affinity layers were treated 
with 0.5% glutaraldehyde for 2 hrs in 0.1 M sodium phosphate buffer, pH 6.1. 
The remaining groups were blocked by 0.1 M glycine for 1 hr. and after washing 
with the buffer, the residual activity determined and expressed as percent activity 
retained. 
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Fig. 3.2 pH-activity profiles of soluble and bioaffinity layered glucose 
oxidase preparations prior to (A) and after treatment with 
glutaraldehyde (B). 
Native glucose oxidase (• ) and immobilized preparations bearing one 
( • ) two ( ^ ) or three layers ( '^  ) of enzyme were incubated in 
appropriate buffers for 15 min and assayed at the indicated pH. The 
buffers used were 50 mM sodium acetate (pH 4.0, 5.0) and sodium 
phosphate (pH 6.0-8.0). The preparations were incubated with 0.5% 
glutaraldehyde for 2 hrs at 10°C. 
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glucose oxidase. Crosslinking with glutaraldehyde appeared to further enhance 
the activity retention in alkaline range. 
3.1.2.2 Effect of Temperature 
3.1.2.2.1 Activity at various temperatures 
The temperature-activity profiles of native, bioaffinity layered glucose 
oxidase as well as bioaffinity layered and crosslinked enzyme preparations were 
compared (Fig. 3.3 A, B). Both native and bioaffinity layered preparations were 
optimally active at 40°C (Fig. 3.3 A) but there was observed a shift in the 
optimum to 50°C after treatment with glutaraldehyde (Fig. 3.3 B). A layer-by-
layer increase in the fraction of the activity retained at high temperatures was 
exhibited both by crosslinked and uncrosslinked preparations although the 
stabilization appeared clearly more marked in the later. 
3.1.2.2.2 Thermal stability at 60°C 
Native, bioaffinity layered glucose oxidase as well as bioaffinity layered 
and crosslinked preparations were investigated for the ability to resist 
inactivation induced by incubation at 60°C (Fig. 3.4 A, B). Immobilization as 
bioaffinity layers improved the stability of the immobilized preparations which 
exhibited a layer-by-layer increase in the fraction of the activity retained after 
incubations for various durations at 60°C. The glutaraldehyde treatment further 
improved the stability of the preparations. The preparation with three affinity 
layers of glucose oxidase preincubated at 60°C for 2 hrs exhibited 50% activity. 
7 1 
Fig. 3.3 Temperature-activity profiles of soluble and bioafnnity layered 
glucose oxidase preparations prior to (A) and after glutaraldehyde 
treatment (B). 
The activity of soluble and affinity layered glucose oxidase preparation 
was determined by incubating the enzyme preparations as indicated. 
Details are given in methods. Soluble and various immobilized 
preparations are indicated by symbols as in fig. legend 3.2. 
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Fig. 3.4 Thermal stability of soluble and bioaffinity layered glucose 
oxidase prior to (A) and after glutaraldehyde treatment (B). 
For the determination of stability at 60°C, soluble and various 
immobilized preparations of glucose oxidase were incubated in 0.1 M 
sodium phosphate buffer pH 6.1 for indicated durations, rapidly cooled 
in ice for 1 hr and assayed for the residual activity. Aliquots of 
comparable activity of native enzyme not exposed to 60°C were taken 
as 100 for the calculation of percent activity in heat treated samples. 
Soluble and various immobilized preparations are represented by 
symbols as detailed in Legend to fig. 3.2. 
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which was increased to 80% after crosslinking. The soluble enzyme retained 
only 20% of initial under the some conditions. 
3.1.2.3 Agitational Effects 
The effect of agitation at different speeds on the enzyme activity was 
investigated in order to study the mechanical stability of the affinity layered 
preparations. No activity loss was detectable when bioaffinity layered glucose 
oxidase preparations containing one, two or three affinity layers were 
continuously agitated up to 1 hr at 700 & 1400 rpm on a rotary shaker indicating 
the strong association of the enzyme with support in preparations containing 
single and multiple affinity layers (Fig. 3.5). 
3.2 BIOAFFINITY LAYERING OF INVERTASE 
Con A-Sepharose was prepared according to the procedure described by 
Porath et al. (1967) to yield a preparation with 1.7 mg Con A per ml of 
Sepharose. The preparation obtained thus was incubated alternately with 
invertase and Con A in 0.1 M sodium acetate buffer, pH 5.2 to assemble three 
layers of invertase. A layer-by-layer increase in activity was observed and the 
amount of enzyme immobilized increased by 18 fold after formation of three 
affinity layers (Table 3.3). A gradual increase in the effectiveness factor was also 
seen with layering indicating the good accessibility of the enzyme associated 
with the support. 
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Fig. 3.5 Mechanical stability of affinity layered glucose oxidase 
preparations. 
Aliquots of Sepharose matrix with one ( # , 0 ), two ( -*-, A ) or three 
( '^, V ) affinity layered glucose oxidase in 50 mM sodium phosphate 
buffer, pH 6.1 were mechanically agitated on a rotary shaker 
(Eppendorf Thermomix, 5437); at 700 rpm (filled symbols) or 1400 rpm 
(hollow symbols) washed with buffer containing 0.15 M NaCI and 
bound glucose oxidase activity determined. Activity of equal aliquots of 
the respective affinity layered preparation not subjected to agitation 
was taken as 100 for the calculation of percent activity in the agitated 
samples. 
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Table 3.3 
Bioaffinity layering of invertase performed with the help of 
Con A on CNBr Sepharose" 
Layer 
number 
1 
il 
III 
Bound Invertase 
(units/ml gel) ^ 
Theoretical ^ 
(A) 
245 
913 
1495 
Actual ^  
(B) 
55 
349 
973 
Effectiveness 
factor 
(Tl) 
(B/A) 
0.22 
0.38 
0.65 
Increase over 
layer 1 
(Fold) 
1 
6.3 
17.6 
^ each value represents the mean of at least two independent experiments 
performed in duplicate. Variation did not exceed 9%. 
^ invertase was assayed as described by Bernfeld (1955). One enzyme unit is 
the quantity of the enzyme that converts one micromole of substrate to product 
per minute under assay conditions at 37 °C. 
'^ determined by substracting the number of units of enzyme remaining in the 
supernatant and washings after incubation from those added. 
•^  determined by assaying appropriate aliquots of the immobilized enzyme under 
assay conditions with continuous agitation. 
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3.2.1 Properties of Bioaffinity Layered Invertase 
3.2.1.1 Effect of pH 
Activity profiles of native and bioaffinity layered invertase preparations 
containing one, two or three enzyme layers were investigated in 0.2 M sodium 
acetate or sodium phosphate buffers of various pH at 37°C (Fig. 3.6). Optimum 
pH values for preparations with two or three layers were same as that of the 
native enzyme however the preparation with one enzyme layer showed a shift of 
pH optimum to 4.0 
3.2.1.2 Effect of temperature 
3.2.1.2.1 Activity at various temperatures 
Temperature-activity profiles for native Invertase and its bioaffinity layered 
preparations were investigated in 0.2 M sodium acetate buffer, pH 4.9 at 
indicated temperatures as shown in fig. 3.7. Native invertase showed optimum 
activity at 50°C and the preparation with one enzyme layer showed a 
comparable behaviour. In contrast, preparations with two or three enzyme layers 
showed an upper shift in temperature optima from 50°C to 60°C. Further more 
these preparations retained greater fraction of maximum activity over a wide 
range between 30°C and 60°C. 
3.2.1.2.2 Thermal stability at 60°C 
Preincubation of native and bioaffinity layered invertase preparations at 
60°C resulted in almost complete inactivation of/W5a(iv?'ehzym^'^iftfer 30 min 
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Fig. 3.6 pH activity profiles of native and bioaffmity layered Invertase 
preparations. 
Appropriate units of soluble and affinity layered invertase preparation 
were incubated in 0.2 M sodium acetate (pH 3.0-5.0) and 0.2 M 
sodium phosphate (pH 6.0-8.0) for 10 min and the activity determined 
under standard assay conditions. Activity profiles of soluble ( • ), 
affinity layered invertase with one ( • ), two ( ^ ) and three layers 
( '^) are shown. 
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Fig. 3.7 Temperature activity profiles of native and bioaffinity layered 
invertase preparation. 
Aliquots of soluble and bioaffinity layered invertase preparations were 
incubated at indicated temperatures for 10 min and assayed for 
enzyme activity under standard condition of pH and substrate 
concentration. Soluble and various immobilized preparations are 
represented by symbols as detailed in Legend to fig. 3.6. 
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In contrast, the immobilized preparations retained considerable enzyme activity 
even after 2 hrs of incubation at 60°C. The increase in themnal stability was layer 
dependent with the preparation and that bearing three enzyme layers retained 
30% activity after 90 min of preincubation at 60°C (Fig. 3.8). 
3.2.1.3 Effect of substrate concentration 
When invertase catalyzed sucrose hydrolysis was measured as a 
function of substrate concentration at 37°C in 0.2 M sodium acetate buffer pH 
4.9, a typical Michaelis-Menton behavior was observed both in case of soluble 
and bioaffinity layered preparations containing one, two or three enzyme layers 
(Fig. 3.9). The Line Weaver-Burk plot indicated Km values for native and affinity 
layered preparations with one, two and three invertase layers as 25 mM, 36 mM, 
25 mM and 83 mM indicating a small increase in case of the three layered 
preparations. An increased Vmax was observed after affinity immobilization of 
invertase with preparation containing three enzyme layers having a Vmax of 7.1 
lamoles/IO min. compared to 3.3 ^moles/10 min for the native counterpart. 
3.3 CON-A MEDIATED BIOAFFINITY LAYERING OF p-GALACTOSIDASE 
ON SEPHAROSE SUPPORT 
In an attempt to assemble layers of p-galactosidase on Sepharose, a 
support with 1.7 mg Con A/ml gel was incubated with p-galactosidase and Con A 
alternately in 0.1 M sodium acetate buffer pH 5.2 for required duration as 
mentioned in the text in order to assemble three layers of enzyme. Data obtained 
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Fig. 3.8 Effect of pre-incubation at 60°C on thermal inactivation of soluble 
and affinity layered invertase preparations. 
Soluble and bioaffinity layered invertase preparations in 0.2 M sodium 
acetate buffer, pH 4.9 were incubated at 60°C for indicated time 
duration, cooled in ice for 1 hr and residual activity determined under 
standard assay condition. Activity of equal aliquot of soluble enzyme 
not subjected to heat inactivation was taken as 100 for calculation of 
percent activity. Soluble and various immobilized preparations are 
represented by symbols as detailed in Legend to fig. 3.6. 
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Fig. 3.9 Line Weaver Burk plots for sucrose hydrolysis by soluble and 
affinity layered invertase preparations. 
Comparable quantities of soluble and affinity layered invertase 
preparations were incubated in a series of tubes with standard assays 
mixture containing varying concentration of substrate. After 10 min 
incubation at 37°C, the activity in all the preparations determined. 
Preparations used were soluble invertase ( • ), or those with one 
( • ), two ( '^  ) or three ( ^ ) layers. 
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by determining the theoretical and actual activity of enzyme is summarized in 
Table 3.4. A layer-by-layer increase in the activity immobilized was also 
observed and enzyme units bound per ml gel could be increased from 16.0 to 
105.0 - an over 6 fold rise. 
Considering the specificity of interaction of Con A with glycoenzymes and 
with a view to cut down the cost of the immobilization, bioaffinity layering of p-
galactosidase was also attempted using Jack bean extract in place of pure 
Con A. Experimental details are given in the text. Table 3.5 indicates that 
effective layering of the enzyme on the support was indeed possible. A 5.4- fold 
increase in activity on the support resulted after the assembly of three layers of 
P-galactosidase with the help of extract. 
3.3.1 Elution of p-Galactosidase Immobilized on Con A-Sepharose 
p-galactosidase assembled as three affinity layers on Con A-Sepharose 
either employing Con A or Jack bean extract was treated with 0.2 M glycine-
HCI buffer, pH 2.5; 0.15 M NaCI for 15 min. The supernatant obtained after 
centrifugation were analyzed on 8.75% SDS PAGE after extensive dialysis 
against 0.1 M sodium acetate buffer pH 5.2. Figure 3.10 A shows that affinity 
layering of p-galactosidase performed using Jack bean extract results in 
immobilization of Con A on the support, with other proteins being removed 
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Table 3.4 
Bioaffinity layering of p-galactosidase performed using 
Con A on CNBr Sepharose ^ 
Layer 
number 
1 
II 
III 
Bound p-galactosidase 
(units/ml gelf 
Theoretical '^  
(A) 
17.0 
96 
105 
Actual' 
(B) 
16.5 
94 
105 
Effectiveness 
factor 
(n) 
(B/A) 
0.97 
0.98 
1.0 
Increase over 
layer 1 
(Fold) 
1 
5.7 
6.3 
^ each value represents the mean of at least two independent experiments 
performed in duplicate. Variation did not exceed 9%. 
'' P-galactosidase was assayed as described by Khare and Gupta (1988 b). One 
enzyme unit is the quantity of the enzyme that converts one micromole of 
substrate to product per minute under assay conditions at 37 °C. 
^ determined by substracting the number of units of enzyme remaining in the 
supernatant and washings after incubation from those added. 
'^ determined by assaying appropriate aliquots of the immobilized enzyme under 
assay conditions with continuous agitation. 
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Table 3.5 
Bioaffinity layering of p-galactosidase performed using Jack 
bean extract on CNBr Sepharose ^ 
Layer 
number 
1 
II 
III 
Bound p-galactosidase 
(units/ml gel)" 
Theoretical 
c 
(A) 
5.9 
15 
14.4 
Actual'' 
(B) 
5.0 
20 
27 
Effectlvenes 
s factor 
(Tl) 
(B/A) 
0.86 
1.0 
1.4 
Increase over 
layer 1 
(Fold) 
1 
4.1 
5.4 
^ each value represents the mean of at least three independent experiments 
performed in duplicate. Variation did not exceed 9%. 
^ p-gafactosidase was assayed as described by Khare and Gupta (1988b). One 
enzyme unit is the quantity of the enzyme that converts one micromole of 
substrate to product per minute under assay conditions at 37 °C. 
'^ determined by substracting the number of units of enzyme remaining in the 
supernatant and washings after incubation from those added. 
^ determined by assaying appropriate aliquots of the immobilized enzyme under 
assay conditions with continuous agitation. 
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Fig. 3.10 SDS-PAGE of Concanavalin A, Jack bean extract, p-
galactosidase, and fraction efuted from the support after affinity 
layering of the enzyme of Con A-Sepharose using jack bean 
extract (A) or pure Con A (B). 
Panel A: Lane a - Con A, lane b - Jack bean extract, lane c - fraction 
eluted with 0.2 M glycine-HCI buffer, pH 2.5 
Panel B : Lane a - Con A, lane b - p-galactosidase, lane c - fraction 
eluted with 0.2 M glycine-HCI buffer, pH 2.5. 
20 to 45 fig of protein was loaded in each well. 
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during washing. Eluates of preparations obtained using pure Con A were run as 
control (Fig. 3.1 OB). 
3.4 BIOAFFINITY LAYERING OF GLUCOAMYLASE ON CON A-
SEPHAROSE 
Bioaffinity layers of glucoamylase were assembled on Con A Sepharose 
preparation as described by Porath et al. (1967). A preparation with 1.7 mg Con 
A per ml of Sepharose was alternately incubated with glucoamylase and Con A 
in 0.1 M sodium acetate buffer pH 5.2 as described earlier to assemble three 
layers on enzyme on the support. The data obtained is summarized in Table 3.6. 
A layer-by-layer increase in the enzyme activity associated with the support as 
has been observed in case of glucose oxidase, invertase and p-galactosidase. 
The effectiveness factor 'ri' also gradually increased with layering. 
3.5 MEASUREMENTS USING SENSORS WITH BIOAFFINITY LAYERED 
GLUCOSE OXIDASE 
3.5.1 Calibration Curves of a Bioaffinity Layered Glucose Sensor 
Con A-Sepharose was incubated with glucose oxidase and Con A 
alternately for the assembly of Con A and glucose oxidase layers on Sepharose 
by affinity immobilization as described earlier. One ml of preparations obtained 
thus were packed in a flow through cartridge and integrated into a FIA system 
equipped with a Clark oxygen electrode (Fig. 2.1 A, B). The activity in the enzyme 
layers was determined using glucose standards by measuring the consumption 
of O2 in temns of the change in voltage. Calibration curves from cartridges 
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Table 3.6 
Bioaffinity layering of amyloglucosidase performed using 
Con A on CNBr Sepharose" 
Layer 
number 
1 
II 
III 
Bound amyloglucosidase 
(units/ml gel)'' 
Theoretical ^ 
(A) 
1.66 
3.82 
5.86 
Actual ° 
(B) 
0.94 
2.10 
6.16 
Effectiveness 
factor 
(B/A) 
0.56 
0.55 
1.0 
Increase over 
layer 1 
(Fold) 
1 
3.0 
7.0 
^ each value represents the mean of at least two independent experiments 
performed in duplicate. Variation did not exceed 9% 
" amyloglucosidase was assayed as described by Rao et al. (1981a). One 
enzyme unit is the quantity of the enzyme that converts one micromole of 
substrate to product per minute under assay conditions at 37 °C. 
•^  detennined by substracting the number of units of enzyme remaining in the 
supernatant and washings after incubation from those added. 
^ determined by assaying appropriate aliquots of the immobilized enzyme under 
assay conditions with continuous agitation. 
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containing up to six affinity layers were plotted in fig. 3.11. As can be seen the 
sensitivity of the analyses increased consistently with the formation of 
successive layers, with the electrode signal remaining almost linear till 1.0 g/l 
glucose. The formation of more than five bioaffinity layers of enzyme on 
Sepharose matrix was ineffective in further enhancing the signal of the glucose 
sensor. 
3.5.2 Reloadable Nature of the Sensor 
Flow through cartridges containing Con A-Sepharose bearing one layer of 
glucose oxidase were treated with 0.2 M glycine-HCI, pH 2.5; 0.15 M NaCI or 0.5 
M methyl a-D-manopyranoside for indicated time durations in order to study the 
reversibility of affinity immobilization. After washing the cartridges with the carrier 
buffer (50 mM potassium phosphate buffer, pH 7.0; 3.0 g/l NaCI), the cartridges 
were integrated into the FIA system and electrode signal measured. Almost 
complete elution was observed on treatment with glycine-HCi buffer, pH 2.5 as 
indicated by the loss of the signal after 15 mins of acid treatment (Fig. 3.12 A). 
However, incubation with manoside even for 15 hrs resulted in only partial 
elution of the enzyme from the support (Fig. 3.12 B). For reloading, the Con A-
Sepharose was incubated with fresh glucose oxidase as detailed earlier in the 
text. After washing off the unbound enzyme, signal was recorded from the 
cartridge integrated in FIA by an oxygen electrode. The elution with glycine-HCI 
buffer and reloading was repeated twice on the same Con A-Sepharose support. 
Figure 3.12 A shows that it was indeed possible to bind fresh enzyme after 
elution on the support with full restoration of the electrode signal. 
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Fig. 3.11 Calibration curves of a bioaffinity layered glucose oxidase 
sensor. 
Flow cartridges (Mobitec) containing one ml of Sepharose with one to 
six enzyme layers were integrated into a FIA system equipped with a 
Clark oxygen electrode. Electrode signal from the glucose sensor was 
measured continuously over a range of glucose standard in 50 mM 
potassium phosphate buffer, pH 7.0; 0.1 M NaCI. Each value 
represents an average of three experiments with a variation less than 
5%. Preparation used were those containing one ( • ), two ( • ), 
three ( ^ ), four ( ^ ), five ( • ), and six (X ) affinity layers. 
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Fig. 3.12 Eiution of glucose oxidase immobilized on Con A-Sepharose and 
reloading with 0.2 M glycine HCI, pH 2.5 (A) or with 0.5 M 
methylamanoside (B) 
0.2 M glycine-HCI, pH 2.5 or 0.5 M manoside was passed through 
enzyme cartridges bearing Con A bound glucose oxidase for indicated 
time durations. After washing the cartridges with 50 mm phosphate 
buffer, pH 7,0, residual activity was measured. For reloading glucose 
oxidase (2 mg/ml) was passed through the cartridge for 2 hrs at a flow 
rate of 0.5 ml/min. 
Panel A : Calibration curve prepared prior to ( • ), after eiution with 
acid pH ( • ), after first ( '^ ) and second ( ^ ) reloading. 
Panel B : Symbols representing signal from cartridge before ( • ) and 
after 15 hrs of manoside treatment ( • ). 
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3.5.3 Online Monitoring of Medium Glucose Concentration During 
Saccharomyces cerevisiae Cultivation 
S.cerevisiae was cultivated on a semi-synthetic medium as described 
earlier in a 5.0 I bioreactor. The starting medium glucose concentration was 30 
g/l. A glucose sensitive biosensor bearing six affinity layers of glucose oxidase 
integrated into a FIA system was used to monitor the cultivation process in terms 
of glucose concentration. Cell-free samples from culture fluid were pumped into 
the FIA system using an in situ sampling probe (Scheper et al., 1996) for 
continuous glucose measurement with the biosensor. Culture fluids samples 
were also taken out every hour through the rubber septum for the off-line 
analysis using a spectrophotometer. At indicated time, the neural network control 
for the maintenance of glucose concentration was made operative. Figure 3.13 
shows that glucose concentration quantitated using affinity layered enzyme 
cartridge correspond closely with those obtained during off-line 
spectrophotometric analyses. The neural network control maintained the glucose 
concentration at 10 g/l during the cultivation process. 
3.6 BIOAFFINITY LAYERING OF GLUCOSE OXIDASE AND PEROXIDASE 
ON pH-SENSITIVE FIELD EFFECT TRANSISTORS 
A FIA system comprising of peristaltic pumps, injector valve and selector 
valve was used to assemble affinity layers of enzyme and Con A on the gate of 
the pH-FET integrated into the flow system via a flow through cell (Fig. 2.2). The 
surface of the gate of pH-FET was coated with a layer of glutaraldehyde 
crosslinked Con A/HSA or starch as described in the methods. The enzyme 
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Fig. 3.13 On-line monitoring of glucose in culture fluids of S.cerevisiae. 
S.cerevisiae was cultivated on a semi-synthetic Schatzman medium 
containing 30 g/i glucose in a 5.0 I bioreactor (Biostat B. Braun, 
Germany). Cell-free samples were withdrawn from the culture medium 
through an in situ sampler using a peristaltic pump and injected into 
the FIA system equipped with oxygen electrode and enzyme cartridge 
bearing 6 affinity layers of glucose oxidase as the glucose sensor. 
Glucose was measured on-line over the entire cultivation 
continuously ( — ) with discontinuous off-line glucose measurement 
done spectrometrically ( • ). At times indicated by the arrow, neural 
network control for maintenance of medium glucose concentration was 
brought into operation. 
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solutions, washing buffer and Con A solution were passed through the cell in 
required order to assemble layers of enzyme and Con A on the pH-FET. 
Calibration curves were prepared at the end of each enzyme binding cycles. 
3.6.1 Calibration Curves of a Bioaffinity Layered Glucose oxidase pH FET 
A glucose sensitive pH-FET with bioaffinity layered glucose oxidase 
membrane integrated into a FIA system was used to prepare calibration curves 
using different concentration of glucose. The initial rate of oxidation of glucose 
was measured as the change in output voltage caused by the production of 
protons during the enzymatic reaction (Fig. 3.14). As evident there was a layer-
by-layer increase in the output signal till the formation over 20 layers, after which 
the signal registered no further increase. While the rise in signal with each 
additional enzyme layer was evident over the entire range of glucose 
concentrations investigated, the response deviated more and more from linearity 
after formation of multiple layers and at higher glucose concentration. 
Signal response from the multiple layered glucose-FET plotted as a 
function of number of glucose oxidase layers in fig. 3.15. As evident the signal 
response increased for each glucose concentration with layer number but sloped 
off remarkably after the formation of 20 layers. The rise in signal with formation 
of additional layers was slow initially, rose significantly after the formation of 
about 10 layers but sloped off after 15 layers. 
The calibration curve of a glucose-FET comprising of 25 layers of glucose 
oxidase prepared with low concentration of glucose is shown in fig. 3.16. The 
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Fig. 3.14 Calibration curves of bioaffinity layered glucose oxidase-FET. 
Calibration curves of glucose oxidation prepared using the glucose 
oxidase pH-FET as a function of number of bioaffinity layers (N). From 
bottom to top : N = 1, 2, 3, 4, .... 25. Glucose standards were prepared 
in 20 mM potassium phosphate buffer, pH 7.0, 0.1 M NaCI and mixed 
with 0.1 M potassium ferricyanide prior to analysis. For details see text. 
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Fig. 3.15 Signal response of glucose oxidase-FET as a function of layer 
number. 
Signal response of a glucose oxidase-FET plotted as a function of the 
number of enzyme layers at various concentration of glucose. 
Measuring conditions : 20 mM potassium phosphate buffer, pH 7.0, 0.1 
M NaCI, 25°C. Glucose concentration used were 2.5 g/l ( • ), 5.0 g/l 
( • ) 7.5 g/l ( ^ ) and 10 g/l ( ^ ). 
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Fig. 3.16 Calibration curve of a glucose oxidase-FET comprising of 25 affinity 
layers of the enzyme. See text for details. 
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response was completely linear over the glucose concentration of 0.0-1.0 g/l and 
concentration as low as 0.25 g/l glucose could be conveniently measured with 
the multilayered pH-FET. 
3.6.1.1 Eiution and reloading of glucose oxidase on a bioaffinity layered 
glucose-FET 
The calibration curve of a glucose-FET with one layer of enzyme 
associated with Con A on basic starch membrane was prepared followed by 
eiution of the bound enzyme with 0.2 M glycine-HCI buffer, pH 2.5; 0.15 M NaCI. 
After determining the residual activity of enzyme membrane, glucose oxidase 
was reloaded on FET as seven affinity layers. Figure 3.17 shows that glucose 
oxidase associated with FET could be readily and completely eluted by the acid 
pH treatment and not only was it possible to rebind glucose oxidase but the 
enzyme could also be assembled as multiple layers on the support with the help 
of Con A. 
3.6.1.2 Monitoring of medium glucose during cultivation of S.cerevisiae 
The glucose biosensor bearing glucose oxidase assembled as six affinity 
layers on the pH-FET was tested for the on-line monitoring of fed-batch 
cultivation of S.cerevisiae. Yeast cells were cultivated in a 3.0 I bioreactor on a 
semi-synthetic Schatzmann medium (Schatzmann, 1975). An in situ (Scheper et 
al., 1996) probe was used for on-line sampling and the culture medium after 
appropriate dilution with the co-substrate was injected into the FIA system 
integrated with glucose-FET and glucose concentration measured over the entire 
cultivation process. For off-line analysis, small aliquots of the cultivation media 
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Fig. 3.17 Elution and reloading of bioaffinity layered glucose oxidase-FET. 
Calibration curves were prepared using pH-FET with single layer of 
glucose oxidase ( • ). The enzyme was eluted with 0.2 M glycine-HCI 
buffer pH 2.5, 0.15 M NaCI and signal response recorded at various 
glucose concentration ( • ). For reloading Con A and glucose oxidase 
solutions were passed through the FET as described in the text to build 
7 layers of enzyme after which the calibration were prepared (-*•). The 
7 layer preparation was subsequently eluted with the glycine HCI 
buffer ( ^ ). 
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was removed hourly and analyzed by YSI glucose analyzer. Excellent 
agreement was observed between the measurements made with the FET and 
those with YSI device over a period of 22 hrs measurements during which 
medium glucose concentration decreased from 30 g/l to 0.5 g/l (Fig. 3.18). 
3.6.2 Bioaffinity Layering of Peroxidase on plH-FET 
The calibration curves prepared after the formation of various layers of 
peroxidase mediated by Con A on the starch/glutaraldehyde membrane of a pH-
FET are shown in fig. 3.19. The electrode signal indicated an increase with 
layering till the formation of seven affinity layers. The sensitivity of the FET also 
increased remarkably and H2O2 concentration below 1.0 mM could be effectively 
measured. 
3.6.2.1 Operational stability of peroxidase-FET 
The stability of the peroxidase-FET against repeated use was investigated 
using a system bearing an enzyme layer immobilized on the Con A membrane 
associated with the starch layer on the FET surface. Signal from pH-FET was 
continuously monitored over a period of 15 hrs using 1.0 mM H2O2 as standard. 
For each measurement the injection time Was 30s and a single total analysis 
took 7 min. As shown in fig. 3.20, the signal response towards H2O2 
measurement did not show remarkable variation over the period investigated 
with standard deviation observed being 0.4128±0.0243. 
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Fig. 3.18 On-line monitoring of glucose concentration during S.cerevisae 
cultivation. 
The yeast cells were cultivated on a semi synthetic medium with 30 g/l 
glucose in 3.0 I bioreactor, pH 4.0, temperature 30°C with a stirring 
speed of 600 rpm. Samples were taken out through an in situ sampling 
device and analysed using a bioaffinity layered glucose oxidase-FET 
with 6 layer of enzymes integrated in FIA system. Prior to cultivation 
analysis, the pH-FET was calibrated with glucose standards : 8, 16, 24 
and 32 g/l. Values obtained during cultivation ( — ) were compared 
with off-line analyses made by YSI glucose analyser ( ^ ). 
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Fig. 3.19 Calibration curves of bioaffinity layered peroxidase-FET 
measured after various enzyme binding cycles. 
H2O2 standards were prepared in buffer and mixed with 0.1 M 
potassium fericynide prior to analysis in the FIA system. Carrier buffer 
used was 20 mM potassium phosphate pH. 7.0, 0.1 M NaCI, at the 
temperature of 25°C. Calibration curve prepared after one ( • ), three 
( • ), five ( ^ ) and seven ("^) affinity layers of peroxidase are shown 
in figure. 
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Fig. 3.20 Long term stability of peroxidase-FET 
Long term stability of a peroxidase-FET having a single layer of 
peroxidase and Con A on basic starch/glutaraldehyde membrane. The 
measurements were made with 20 mM potassium phosphate buffer 
0.1 M NaCI at pH 7.0, 25°C, 1 mM H2O2 standard, time of injection was 
30s and analysis time 7 min. 
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3.7 DISCUSSION 
The phenomenal growth in the area of biosensor is related to the need of 
rapid, reliable, reproducible, and sensitive analyses for nnany fields including 
food, medicine, research and biotechnological processes. The design of a bio-
sensor involves combining of a biological component that generates signal after 
sensing the analyte and an optical, thermal, electrical or electrochemical ele-
ment for transducing the signal generated. Of the various procedures available 
for coupling the biological element on the electrode surface, those leading to 
stable and where possible reversible binding are advantageous. Ideally enzyme 
immobilization strategies for most biosensor applications should ideally associ-
ate large amounts of enzyme with the support (Birnbaum, 1994; Alvarez-Kaza 
and Bilitewski, 1993). 
Covalent coupling of enzyme through their amino acid side chain groups 
continues to remain the most popular method of enzyme immobilization but 
such procedures are however generally not effective for glycoenzyme immobili-
zation due to the masking of the side chain groups by the oligosaccharide chains 
(Liberatore et al., 1976; Pollock et al., 1978). Among the alternative immobiliza-
tion approaches in which the enzyme glycosyl groups form the point of contact 
between the enzyme and the support (Hsiao and Royer, 1979; Woodward and 
Wiseman, 1978; Chaga, 1994), those employing the lectin Con A appear more 
promising (Saleemuddin and Husain, 1991). While the amount of glycoenzyme 
that can be immobilized on supports can be raised remarkably by using matri-
ces precoupled with Con A, they are limited by the amount of the lectin pre-
coupled to the support. 
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In order to further increase the amount of the enzyme immobilized on 
such supports, a simple technique which, we prefer to call as bioaffmity layering 
was investigated. Figure 3.21 shows the diagrammatic representation of the 
bioaffinity layering of glycoenzymes on matrix precoupled with Con A. The first 
step involves a simple incubation of glycoenzyme with Con A-Sepharose as is 
routinely done during lectin affinity purification or immobilization. After washing 
off the unbound enzyme with the buffer, Con A-Sepharose with the bound en-
zyme is reincubated with activated Con A. Excess Con A is similarly washed off 
and the support reincubated with the glycoenzyme. The alternate incubations 
with the activated Con A and glycoenzyme, separated by thorough washing 
steps were continued as desired to assemble layers of enzyme. 
It was observed that layering resulted in marited increase in the amount 
of glucose oxidase associated with Con A-Sepharose and over 250 times more 
enzyme than that immobilized when the matrix was directly incubated with the 
enzyme could be bound after seven incubations cycles. The amount of Con A 
associated with the support also increased so did the effectiveness of the Con A 
molecules to bind glycoenzyme as evident from the layer-by-layer increase in 
the glycoenzyme: lectin ratio on the support. After seven incubations a remark-
able 17.5 mg Con A and 19.0 mg glucose oxidase was immobilized on the 
support (Fig 3.1 A,B). 
The successful affinity layering of glucose oxidase (Table 3.1), invertase 
(Table 3.3), p-galactosidase (Table 3.4) and amyloglucosidase (Table 3.6) on 
Con A-Sepharose cleariy suggests that the amount of all glycoenzymes having 
affinity for Con A (Saleemuddin and Husain, 1991) can be raised on supports 
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Fig. 3.21 Schematic representation of bioaffinity layering of Con A and ^ 
glycoenzyme on Con A-Sepharose. 
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remarkably using this strategy. The quantities of invertase, amyloglucosidase, 
p-galactosidase could be successfully raised to 18, 7, 6.3 fold after three bind-
ing cycles of the respective enzymes on the support precoupled to Con A. Glu-
cose oxidase activity increased 15 fold under these conditions. Evidently the 
variation in increase of enzyme associated with the support by affinity layering 
may be influenced by the extent and nature of glycosylation. Invertase which is 
extensively glycosylated (Gascon et al., 1968) apparently has a far greater pos-
sibility of interacting with Con A and being incorporated in bioaffinity layers. The 
effectiveness factor "^ (ratio of actual to theoretical activity) (Muller and Zwing, 
1982) also increased with successive formation of afTinity layers with all en-
zymes till the formation of atleast three affinity layers (Table 3.1, 3.3, 3.4, 3.6). 
Most of the bound enzyme appears to be accessible for acting on substrates 
after the formation of three affinity layers. Incubation of the CNBr activated 
Sepharose with Con A results in the binding of lectin not only at the surface but 
also in the interior of the beads due to the high exclusion limit of the support. 
Glycoenzyme bound on Con-A Sepharose may initially be associated both with 
the lectin molecules located at the surface and those in interior of the Sepharose 
beads, with the latter being less accessible to the substrate. Increasingly smaller 
fractions of the glycoenzyme molecule incubated with the Con A support are 
expected to have access to the interior during the formation of successive affin-
ity layers and binding may occur predominantly at the surface. In view of large 
molecular dimension of both Con A and glycoenzymes and the limited thick-
ness of the bioaffinity layers, the structural network formed at the surface may 
be quite porous facilitating excellent accessibility to the substrate. Several other 
investigators have observed higher accessibility of glycoenzymes for their sub-
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strates when they were immobilized on Con A matrices (Hsiao and Royer, 1979; 
Woodward and Wiseman, 1978), but the 'n' values are strongly influenced by 
the amount of lectin associated with the support and the amount of enzyme 
bound thereon (Saleemuddin and Husain, 1991). Despite a low 'TI' value for the 
first layer, nearly all activity bound appears to be expressed after the formation 
of three layers. This effect may be related to the binding of a far greater amount 
of glycoenzyme in the second and third layer. 
Attempts were also made to crosslink the bioaffinity layered glucose oxi-
dase preparations using glutaraldehyde. As observed earlier (Husain et al., 1992), 
a decrease in catalytic activity of enzyme was obtained after crosslinking (Table 
3.2) although the loss in activity of the preparations containing multiple layers 
was less marked. This may be related to the inaccessibility of some of the 
aminogroups of enzyme in the preparations bearing multiple enzyme layers. 
Bioaffinity layering did not altered the pH-activity curves of the immobi-
lized glucose oxidase preparations and there was no shift in the pH optimum of 
the enzyme when assembled as layers on the support even after cross-linking 
with glutaraldehyde suggesting no significant alteration in the microenvironment 
around the active site. However a significant broadening of the curves on the 
alkaline side was observed with the cross-linked preparations, which appeared 
to increase layer-by-layer (Fig. 3.2 A, B). 
More interesting is the enhancement in the thermal stability of the 
affinity layered preparations. Affinity layering of glucose oxidase on Con A-
Sepharose as one, two, or three affinity layers also showed considerable stabi-
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lization against temperature above 40°C. The increase in stability was layer 
dependent and more pronounced after crosslinking the preparations with glut-
araldehyde (Fig. 3.3 A, B). As is evident from fig. 3.4 A, B the fraction of the 
activity retained after exposure to 60 °C also increased layer-by-layer. Which 
was further improved on crosslinking the preparations. Glutaraldehyde treat-
ment may improve the ability of the preparations to retain activity at higher tem-
peratures by creating intra- and intermolecular crosslinks that restricts the un-
folding of the enzyme molecules (Iqbal and Saleemuddin, 1983a; 1983b). Fur-
thermore the possibility of the desorption of the enzyme from the support may 
be reduced as the result of crosslinking. Glutaraldehyde treatment however leads 
to covalent coupling of the enzyme to the support and thus making the process 
irreversible. 
It has been observed that thermal stability of several enzymes can be 
raised by creating a number of covalent / non-covalent connections between 
the enzyme and the insoluble support (Monsan and Combes, 1988). It is very 
likely that Con A supports with multiple layers have increasing fraction of en-
zyme molecule reacting with more than one Con A molecule as in case of Con 
A-glycoenzyme flocculates that exhibit remarkable high degree of stability com-
pared to the preparations obtained by binding to matrices with pre immobilized 
lectin (Husian etal., 1985; Ahmad etal., 1973; Bishayee and Bacchawat, 1974). 
The flocculates have however small particle dimensions, pack very compactly 
and need additional immobilization strategies for possible use in column reac-
tors (Husain et al., 1985). Bioaffinity layering appears to offer the combination of 
high stability of glycoenzyme-Con A flocculates along with good flow properties 
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of beaded support. The ability of Con A molecules to form an "affinity sandwich" 
has previously been used to bind glycoenzymes to Sephadex (Husain and 
Saleemuddin, 1989). 
Enhancement in the mechanical stability of the glucose oxidase prepara-
tions assembled as affinity layers was also remarkable (Fig. 3.5). This is not 
surprising in view of the high affinity of Con A for glycoenzymes and long term 
operational stability of Con A support associated glycoenzymes (Husain et al., 
1985; Montero and Romeu, 1993). With more and more molecules of enzyme 
interacting with several lectin molecules in the affinity layered preparations, the 
high mechanical stability of the affinity layered preparations is not surprising. 
That the improvement in the performance of enzymes resulting from 
bioaffinity layering is not restricted to glucose oxidase is evident from the stud-
ies conducted on other glycoenzymes invertase and p-galactosidase. Invertase 
has been immobilized on a variety of supports including charcoal (Nelson and 
Griffin, 1916), Con A matrices (Hsaio and Royer, 1979; Iqbal and Saleemuddin, 
1983; Husain et al., 1985), and on immuno-supports (Jafri et al., 1993,1995). 
No significant alteration in the pH and temperature-activity profiles of the 
native and bioaffinity layered invertase preparations was observed (Fig 3.6, 3.7) 
although the layering enhanced the resistance of the immobilized preparations 
against thermal inactivation. The thermal stability also increased layer-by-layer 
(Fig 3.8). 
There was an increase in K^ and V^^^for the preparation with three en-
zyme layers compared to the native enzyme (Fig 3.9). That the invertase immo-
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bilization as multiple layers does not involve marked decrease in accessibility or 
major alteration in enzyme conformation as evident from the insignificant in-
crease in K^  values. The large dimension of Con A appears to contribute to the 
porosity of the enzyme-lectin network as discussed earlier. 
In an earlier study from this laboratory it has been shown that Jack bean 
extract can be conveniently substituted for pure Con A in the preparation of 
insoluble Con A-glycoenzyme complexes or for immobilization on supports 
(Husain and Saleemuddin, 1986; 1989). Table 3.5 clearly indicates that ^-ga-
lactosidase can also be assembled as bioaffinity layers using Jack bean extract 
in place of pure Con A. On dissociation of the glycoenzyme-Con A molecules 
from the support bearing three layers of P-galactosidase by 0.2 M glycine-HCI 
buffer, pH 2.5, it was observed that layering resulted in the affinity binding of 
mostly the Con A molecules from the extract due to their affinity for 
glycoenzyme. Faint bands corresponding to p-galactosidase were also visible. 
The poor staining of b-galactosidase may be related to its glycoprotein nature 
(Fig. 3.10 B). It is thus clear that use of crude Con A can conveniently cut down 
the cost of bioaffinity layering. 
Immobilization strategies that result in the association of large amounts 
of enzyme with the support have the potential of increasing the sensitivity and 
stability of various enzyme based sensing devices. The potential of bioaffinity 
layering in improving the performance of a glucose oxidase based biosensor 
was also investigated. Affinity layered glucose oxidase preparations were packed 
in flow through cells and integrated in a FIA system coupled to an oxygen elec-
trode (Fig. 2.1). The sensor signal was measured in terms of voltage using the 
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oxygen electrode by measuring the decrease in partial pressure of oxygen, which 
is directly related to the rate of oxidation of glucose catalyzed by glucose oxi-
dase. The calibration curves are shown in fig 3.11. The sensitivity of the analy-
ses increased consistently with the formation of the successive layers, although 
the signal slopped off after the formation of more than five layers. One possible 
reason for the observed behavior could be the limitation of the dissolved oxygen 
available for the oxidation of glucose (Mattiasson and Borrebeack, 1978). Using 
a preparation containing six layers of glucose oxidase, it was possible to mea-
sure accurately concentration of glucose as low as 0.02%. 
Studies were also undertaken to determine the regenerability of the sup-
port for which attempts were made to elute the adsorbed enzyme either by 
inducing conformational changes using acidic solution like 0.2 M glycine-HCI 
buffer, pH 2.5 (Mattiasson and Borrebaeck, 1978) or by using methly mannoside 
for which Con A has higher affinity (Bittiger and Schenebli, 1976). The results 
obtained shown in fig. 3.12 A, B indicated that elution with acidic pH was more 
effective in removing the bound glucose oxidase. Glucose oxidase binds very 
strongly to Con A supports. Complete elution with mannoside necessitates ex-
ceptionally long incubations (Mislovicova et al., 1995). This also indicated that 
the covalently attached Con A layer was not inactivated by the acid pH under 
the conditions used and bind fresh enzyme readily (Fig. 3.12 A). 
With the wide applicability of the detection of glucose in the clinical inves-
tigation, and easy and ready availability of glucose oxidase, the enzyme has 
been a part of research since a long time. Though extensive work has been 
done with sensors employing enzyme cartridges (Kurtz and Crouch, 1991; Male 
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and Luong, 1993), ENFETs have received less attention. In view of the applica-
bility of bioaffinity layering in increasing the sensitivity of glucose biosensor 
employing enzyme cartridge, attempts were also made to investigate the use-
fulness of the strategy in improving the performance of pH-FETs. The FET with 
covalenlty attached Con A or starch layer was integrated in a FIA system via a 
flow through cell. The alternate layer on enzyme and Con A were deposited with 
the help of an automated FIA setup as described in fig. 2.2. The system was 
programmed to carry out required number of binding cycles involving Con A and 
enzyme and calibration curves were prepared at the end of each cycle. The rate 
of oxidation of glucose was measured as the change in pH brought about by the 
enzymatic reaction. The calibration curves of a pH-FET with glucose oxidase 
assembled up to 25 layers are shown in fig. 3.14 and 3.15. A layer-by-layer 
increase in signal was observed til! the formation of 20 layers, after which there 
was no more rise in the signal. With the FET with 25 layers of glucose oxidase 
attached on the basic starch membrane, the sensitivity was enhanced and glu-
cose as low as 0.25 g/l could be conveniently measured (Fig. 3.16). While the 
rise in the signal with each additional layer was evident over entire range of 
glucose concentration investigated, the sensor response deviated more and 
more from linearity after the formation of multiple layers and at higher glucose 
concentration. The possible explanation for the observed non-linearity include, 
limitation of the diffusion of protons in the multiple layered preparation and /or 
limitation of the available oxygen for glucose oxidation. 
Potassium ferricyanide was used as the oxidizing co-substrate in place 
of oxygen as the substitution of oxygen with ferricyanide as the electron accep-
tor in the enzymatic oxidation of glucose leads to substantial increase in ENFET 
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response as in this case three H^  are produced Instead of only one formed when 
oxygen is the acceptor (Fig. 3.22). Also, the biosensor dynamic range is ex-
tended as the limitation of the reaction rate due to low concentration of dis-
solved oxygen can be reduced by adjustment of the concentration of alternative 
electron acceptor (Shulga et a!., 1994; Shulga and Gibson, 1994). 
The bioaffinity layered glucose sensor was also used for the on-line moni-
toring the fed-batch cultivation process. S.cerevisiae was cultivated in semi-
synthetic medium (Schatzmann, 1975) containing 30g/l glucose in a bioreactor 
and the medium glucose was monitored glucose sensor with glucose oxidase 
immobilized in the form of affinity layers. Enzyme cartridge bearing six layers of 
glucose oxidase assembled on Con A-Sepharose was integrated in a FIA sys-
tem equipped with an oxygen electrode was used to monitor the cultivation of 
yeast in 5.01 reactor. The results obtained are shown in fig. 3.13 indicated good 
agreement with the off-line analysis made using spectrophotometer. 
A glucose oxidase-FET with glucose oxidase assembled as six layers 
was also tested for the on-line analysis of a fed-batch cultivation S. cerevisiae in 
3.0 I fermentor. An in situ probe was used for on-line sampling (Scheper et al., 
1996) and the culture medium after appropriate dilution with buffer and co-sub-
strate was injected in to the FIA system. Excellent agreement was observed 
between the measurements made with the FET and those with the YSI device 
over a period of 22 hrs (Fig. 3.18). Culture processes are complex systems in 
which activity and state of the biological component is extremely sensitive to 
changes in the physiochemical environment of the bioreactor. To be able to 
describe the status of a bioprocess, on-line continuous monitoring of many vari-
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Fig. 3.22 Schematic representation of the reaction-diffusion processes with in 
the enzyme layer immobilized on FET surface using O2 and potassium 
ferricyanide as co-substrate leading to the generation of pH-FET 
response (Shulga et al., 1994). 
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ables are needed. FIA is an on-line method in combination with long term stabil-
ity and high reproducibility of enzyme cartridge or pH-FETs is qualified to con-
tinuously provide this form of process monitoring and control. A completely au-
tomated FIA system offers round the clock surveillance in addition to easy han-
dling and a 10-20% lower price per analysis than conventional at-line or off-line 
test kits (Weigel, 1996). 
Sensitivity of HjOjmeasurements using a peroxidase-FET could be simi-
larly increased significantly by increasing the amount of peroxidase bound on 
the FET surface by affinity layering (Fig. 3.i§). There was an increase in the 
sensitivity of the system with layering however the rise became undetectable 
after the formation of seven layers. The sensitivity of the system was increased 
and HjOj as low as 1.0 mM could be detected. The saturation in the increase in 
signal response after the formation of fewer layers than those observed in case 
of glucose oxid&se-FET may be related in addition to factor discussed above, to 
the lower affinity of some of the isoenzymes peroxidase to Con A and hence 
binding of fewer enzyme molecules (Mattiasson and Borrebeack, 1978). 
Figure 3.20 shows the result of the stability test of the system to multiple 
analysis when the HjOj was continuously monitored for over 15 hrs. A variation 
of only 5.9% was observed when 16 samples were analyzed continuously. This 
implies that, during measurements, decrease in the sensor sensitivity is negli-
gible and also the leakage of the immobilized enzyme from the membrane may 
be very low. 
The mild conditions required for the immobilization of the enzyme, high 
actively and stability of the immobilized preparations and regenerability of the 
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adsorbent are the main features of the method reported here. The multiple 
bioafTinity layering technique offers a remarkably simple opportunity to increase 
dramatically and reversibly the amount of glycoenzyme exhibiting substantial 
affinity for Con A immobilized on various supports. Since the Con A molecules 
are expected to behave predominantly as dimers between pH 5.0-6.0, used in 
the study (Bittiger and Schnebli, 1976). 
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RESULTS 
4.1 PURIFICATION OF GLUCOSE OXIDASE 
Commercial preparation of glucx}se oxidase migrated as a single major 
band on electrophoresis but contained traces of some other peptides. The 
preparation was purified by passing through a Sepharose 4B gel filtration 
column. Fig. 4.1 shows that the column-purified glucose oxidase was nearly 
homogenous and the preparation was used along with Freund's adjuvant for the 
immunization of the rabbits as described in the text. 
4.2 ISOLATION OF IgG FROM ANTIGLUCOSE OXIDASE AND 
ANTIPEROXIDASE ANTISERA 
Purified glucose oxidase and commercially available horse radish 
peroxidase obtained from Sigma were quite immunogenic in rabbits and readily 
elicited the formation of precipitating antibodies. On immunodiffusion of glucose 
oxidase and peroxidase against respective antisera, single sharp precipitin lines 
were obtained further indicating the homogeneity of the preparation. For the 
purification of antiglucose oxidase and antiperoxidase antibodies, the procedure 
described by Catty and Raykundali a(l988) was followed. 
The antisera were precipitated between 20-40% ammonium sulphate 
saturation and the precipitate, dissolved in 20 mM sodium phosphate buffer pH 
7.2, was subjected to ion exchange chromatography on a DEAE-cellulose 
column (1.8x10 cm) equilibrated with same buffer as detailed earlier in methods. 
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Fig. 4.1 Gel electrophoresis of glucose oxidase 
Commercial glucose oxidase and the preparation obtained after 
passing through Sepharose 4B were subjected to polyacrylamide gel 
electrophoresis in presence of SDS. Lane a, commercial glucose 
oxidase (35 ng); Lane b, purified glucose oxidase (35 ^g). 
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Sharp precipitin lines were obtained on Immunodiffusion of antiglucose 
oxidase antiserum, 20-40% ammonium sulphate fraction and DEAE purified 
fraction, of the antiserum against glucose oxidase (Fig. 4.2 A) and 
antiperoxidase antiserum against peroxidase (Fig. 4.2 B). No precipitin lines 
were obtained with the supernatant of both 20% and 40% saturation suggesting 
the lack of antibody in this fraction (Fig. 4.2 B) 
Purification of IgG was also followed by polyacrylamide gel 
electrophoresis prepared both in presence and absence of SDS. Whole 
antiserum and ammonium sulphate fractions show bands corresponding to IgG 
and several other polypeptides (Fig. 4.3, lane a, b). The additional bands were 
removed after DEAE cellulose chromatography and the purified IgG preparation 
gave a single band (Fig. 4.3, lane c) on electrophoresis. 
4.2.1 Molecular Weight of IgG 
In order to determine the molecular weight of the isolated IgG preparation, 
SDS-PAGE of sample was run along with bovine serum albumin (66.2 KDa), 
ovalbumin (45 KDa), carbonic anhydrase (31 KDa), trypsin inhibitor (21.5 KDa; 
lysozyme (14.4 KDa) as markers. As evident in figure 4.4 A, the IgG migrated 
close to band 2 & 3 of markers. The molecular weight of IgG polypeptides was 
calculated by the procedure of Weber and Osborn (1969) by plotting the mobility 
of markers proteins Vs the logarithm of their molecular weights (Fig. 4.4 B). The 
position of the migration of IgG subunits corresponded to apparent molecular 
weights of 45 KDa and 26 KDa. 
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Fig. 4.2 Ouchterlony double diffusion of glucose oxidase (A) and 
peroxidase (B) against specific antisera and IgG fractions isolated 
thereof 
Rabbits were immunized with A. niger glucose oxidase and horse 
radish peroxidase. The antiserum obtained was fractionated to isolate 
Y-globulin fraction as detailed in the text. The central well contained 30 
i^g of glucose oxidase, well 1 was loaded with 10 nl of antiserum, well 
2 had 5 1^ of 20-40% ammonium sulphate fraction well 3 contained 5 
|il of DEAE fraction (Panel A). Panel B shows central well with 30 |ag 
of peroxidase well 1 - 10 i^ l of antiserum, well 2 - 5 i^ l of ammonium 
sulphate fraction, well 3 & 5 - 5 and 7 1^ of DEAE fraction and well 4 & 
6 were loaded with 20 & 40 1^ of 20 and 40% ammonium sulphate 
supernatant. 
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Fig. 4.3 Purification of IgG 
The electrophoretic pattern of different preparations of IgG in 7.5% 
non-denaturing gel are shown. 10 to 35 ng of each preparation was 
electrophoresed on the minislab gel. Lane a antiserum, Lane b-20-40% 
ammonium sulphate fraction, Lane o-OEAE-cellulose fraction. 
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Fig. 4.4 Molecular weight determination of igG using SDS-PAGE (A) and 
Weber and Osborn procedure (B) 
(A) Antiserum, 20-40% ammonium sulphate fraction and fraction from 
DEAE-cellulose and markers were incubated with sample buffer at 
100°C for 5 min. and subjected to 12.5% polyacrylamide gel 
electrophoresis in presence of SDS. Lane a and e - molecular weight 
markers, Lane b-antiserum. Lane c-20-40% ammonium sulphate 
fraction. Lane d-DEAE-cellulose fraction. 10-35 ^g of each 
preparation was loaded in the well. 
(B) The relative mobility of the standard marker proteins from the SDS gel 
(4A) were plotted against logarithm of molecular weight using least 
square analysis. Arrows indicate the position of the large and small 
molecular weight peptides from the DEAE fraction. 
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4.3 IMMUNOAFFINITY LAYERING OF GLUCOSE OXIDASE ON SEPHAROSE 
SUPPORT 
Antiglucose oxidase IgG purified on an ion exchange column was 
covalently immobilized on CNBr activated Sepharose as described earlier to 
prepare a matrix containing 5 mg IgG protein per ml gel. The IgG-Sepharose 
obtained thus was incubated alternately with glucose oxidase and antiglucose 
oxidase IgG in 20 mM sodium phosphate buffer, pH 7.2 in order to assemble 
layers of the enzyme on the support, as detailed in the text. Table 4.1 
summarizes the result obtained during the assembly of glucose oxidase on IgG-
Sepharose as three affinity layers. The amount of glucose oxidase immobilized 
on the Sepharose support increased with successive incubation cycles and after 
three cycles, the amount associated with the support was raised by about 10-
fold. The effectiveness factor 'TI' also increased with the formation of successive 
layer. 
Figure 4.5 A shows that the rise in the amount of glucose oxidase 
immobilized increased over 20 fold after six incubation cycles, however there 
was a decline in the 'ri' values after the formation of three layers. The rise in 
activity appeared to increase linearly with layering. 
Immunoaffinity layering of glucose oxidase on Sepharose precoupled with 
IgG (5 mg/ml gel) was also performed employing unfractionated anti-glucose 
oxidase antiserum in place of isolated IgG (details are given in text). Table 4.2 
shows that it was indeed possible to assemble glucose oxidase layers on the 
support and glucose oxidase immobilized on the support could be raised to over 
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Table 4.1 
Immunoaffinity layering of glucose oxidase performed with the 
help of IgG on CNBr Sepharose ' 
Layer 
number 
1 
II 
III 
Bound glucose oxidase 
(units/ml gel) ^  
Theoretical ^ 
(A) 
63 
94 
174 
Actual ° 
(B) 
20 
70 
192 
Effectiveness 
factor 
(n) 
(B/A) 
0.31 
0.53 
0.71 
Increase over 
layer 1 
(Fold) 
1 
3.5 
9.5 
^ each value represents the mean of at least two independent experiments 
performed in duplicate. Variation did not exceed 7%. 
'' glucose oxidase was assayed as described by Iqbal and Saleemuddin (1983a). 
One enzyme unit is the quantity of the enzyme that converts one micromole of 
substrate to product per minute under assay conditions at 37 °C. 
^ determined by substracting the number of units of enzyme remaining in the 
supernatant and washings after incubation from those added. 
*^  detemnined by assaying appropriate aliquots of the immobilized enzyme under 
assay conditions with continuous agitation. 
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Fig. 4.5 Assembly of glucose oxidase on IgG-Sepharose as affinity layers 
using pure igG (A) or unfractionated antiserum (B) 
Layers of glucose oxidase and IgG/antiserum were coupled with IgG-
Sepharose as detailed in the text. After each incubation, with IgG or 
glucose oxidase, unbound/loosely bound protein was washed off and 
activity on the support determined by assaying appropriate amount of 
matrix under standard assay conditions and plotted against layer 
number. 
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Table 4.2 
Immunoaffinity layering of glucose oxidase performed with the 
help of antiserum on CNBr Sepharose * 
Layer 
number 
1 
II 
III 
Bound glucose oxidase 
(units/ml gel) ** 
Theoretical ^  
(A) 
69 
124 
250 
Actual •" 
(B) 
27 
80 
335 
Effectiveness 
factor 
{r\) 
(B/A) 
0.39 
0.42 
1.0 
Increase over 
layer 1 
(Fold) 
1 
2.9 
12.2 
^ each value represents the mean of at least three independent experiments 
performed in duplicate. Variation did not exceed 7%. 
'' glucose oxidase was assayed as described by Iqbal and Saleemuddin (1983a). 
One enzyme unit is the quantity of the enzyme that converts one micromole of 
substrate to product per minute under assay conditions at 37 °C. 
^ determined by substracting the number of units of enzyme remaining in the 
supernatant and washings after incubation from those added. 
" determined by assaying appropriate aliquots of the immobilized enzyme under 
assay conditions with continuous agitation. 
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12 fold after three enzyme/antibody incubation cycles. The effectiveness factor 
'r|' also increased layer by layer with successive layering as observed in 
experiments with purified IgG. 
Figure 4.5 B shows that the immobilization of glucose oxidase as affinity 
layers on IgG Sepharose mediated by whole serum also appeared linear and an 
increase by over 30-fold was seen after 6 incubation cycles. 
4.3.1 Properties of Immunoaffinity Layered Glucose oxidase 
Properties of immunoaffinity immobilized glucose oxidase on IgG-
Sepharose comprising of single and multiple enzyme layers were investigated 
and compared with the soluble enzyme. 
4.3.1.1 Effect of pH 
The enzymatic activity of various immunoaffinity layered glucose oxidase 
preparations and soluble enzyme investigated after exposure for 15 min to 
buffers of various pH values (2.0-9.0) revealed that binding and layering of 
glucose oxidase on IgG-Sepharose as one, two or three affinity layers resulted in 
the shifting of the pH optimum of the enzyme from pH 6.0 to pH 4.0 (Fig. 4.6 A). 
Increasing fraction of maximum activity was retained in acid pH as compared to 
the soluble enzyme with the formation of additional layers. 
Figure 4.6 B shows the results of a comparable experiment performed 
with the immunoaffinity layered preparations obtained using unfractionated 
antiserum in buffers of various pH. As evident, a less marked shift in pH optima 
towards acidic side was also observed. All the immobilized preparations 
exhibited optimum activity at pH 5.0 
12% 
Fig. 4.6 pH-activity profiles of soluble and immunoafTinity layered glucose 
oxidase prepared using purified IgG (A) or unfractionated 
antiserum (B) 
10 units each of native and immunoaffinity layered glucose oxidase 
preparations were incubated at indicated pH for 15 min and activity 
measured at 37°C using 0.15 M glucose. The buffers used were 20 
mM glycine-HCI (pH 2.0-3.0), sodium acetate (pH 4.0, 5.0) and sodium 
phosphate (pH 6.0-9.0). Preparations used were soluble glucose 
oxidase ( • ), and immunoaffinity layered preparations with one ( • ), 
two ( -^  ), and three ( ^ ) affinity layers. 
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4.3.1.2 Effect of temperature 
4.3.1.2.1 Activity at various temperatures 
The effect of temperature on the activity of free and immobilized glucose 
oxidase assembled as layers on IgG-Sepharose is shown in figure 4.7 A. The 
immobilized preparations of glucose oxidase showed comparable activity at 
30°C and 40°C which was also the maximum while, the native enzyme exhibited 
a temperature optimum of 40°C. There was observed a layer-by-layer increase 
in the stability as evident from the greater fraction of activity retained at higher 
temperatures of the immobilized glucose oxidase preparations up to the 
formation of three affinity layers over the temperature range of 50-80°C. 
Preparations with three affinity layers of enzyme retained 60% activity at 70°C 
compared to native enzyme which exhibited only 20% activity of the unincubated 
control under the conditions. 
Comparable behavior was exhibited by glucose oxidase preparations 
affinity layered using whole serum (Fig. 4.7 B) with immobilized preparations 
retaining greater fraction of activity compared to native enzyme. The increase in 
stability was also layer dependent and was of relatively higher magnitude in all 
the immobilized preparations compared to those obtained using pure IgG. The 
preparation with three affinity layers of enzyme retained about 50% activity at 
80°C compared to same preparation of glucose oxidase with pure IgG which 
retained only 25% activity under the conditions. 
4.3.1.2.2 Retention of enzyme activity at 60°C 
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Fig. 4.7 Effect of temperature of the activity of soluble and immunoaffinity 
layered glucose oxidase prepared using purified IgG (A) or 
unfractionated antiserum (B) 
10 units of soluble and immunoafTinity layered glucose oxidase 
preparations were incubated at different temperatures in 20 mM 
sodium phosphate buffer, pH 7.2 and enzyme activity determined after 
10 min using 0.15 M glucose as substrate. Symbol representing 
various preparations are same as detailed in fig. legend 4.6. 
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The ability of variously immunoaffinity layered preparations of glucose 
oxidase to retain enzyme activity after preincubation at 60°C was also 
investigated. Figure 4.8 A shows that while all the immobilized preparations 
exhibit markedly higher resistance to inactivation at 60°C as compared to soluble 
enzyme, the enhancement in stability clearly appeared to increase layer-by-
layer. 
A layer-by-layer increase in resistance to inactivation at 60°C was also 
observed when glucose oxidase was assembled as layers with the help of 
unfractionated antiserum (Fig. 4.8 B). Infact the enhancement in stability of the 
preparations appeared more marked than those layered with pure IgG. The 
preparations containing three layers of enzyme retained 80% activity after 2 hrs 
of incubation at 60°C. 
4.4 MEASUREMENTS WITH IMMUNOAFFINITY LAYERED ENZYME SENSORS 
4.4.1 Calibration Curves of a Immunoaffinity Layered Glucose oxidase 
Biosensor 
It is now widely recognized that sensitivity and life of biosensors can be 
raised remarkably by increasing the amount of enzyme immobilized on the 
sensor surface. It was therefore considered of interest to investigate the 
usefulness of immunoaffinity layering in improving the performance of glucose 
sensors. This was attempted using a cartridge integrated into a FIA system 
equipped with a Clark oxygen electrode used as transducer. 
Immunoaffinity layering of glucose oxidase was perfonned using 
antiglucose oxidase IgG on CNBr-activated Sepharose fast flow as well as on 
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Fig. 4.8 Thermal stability of native and immunoaffinity layered glucose 
oxidase prepared using pure IgG (A) and unfractionated 
antiserum (B) at 60°C 
Ten units each of soluble glucose oxidase and variously immobilized 
preparations were incubated in 20 mM sodium phosphate buffer pH 
7.2 at 60°C for indicated time durations, cooled for 1 hr and activity 
determined under standard conditions. Symbol representing various 
preparations are same as detailed in fig. legend 6. 
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VA epoxy carrier precoupled with IgG as detailed in the text. The immobilized 
glucose oxidase preparations were packed in flow through cartridges and 
integrated into a FIA system equipped with an oxygen electrode. The electrode 
signals measured as a function of glucose concentration (Fig. 4.9 A, B) show 
very significant enhancement as a result of layering of glucose oxidase on either 
support. The magnitude of the signal increased about two fold with the formation 
each additional layer. As is also evident from both the figures, the improvement 
in electrode signal was evident at all concentrations of glucose investigated. 
4.4.1.1 Reloadable nature of the immunoaffinity layered glucose sensor 
Attempts were made to disrupt the antigen-antibody interactions under 
mild conditions with a view to ascertain the reloadable nature of the biosensor. 
The dissociation of IgG-Sepharose bound glucose oxidase was attempted using 
either 0.2 M glycine-HCI buffer, pH 2.5 containing 0.15 M NaCI (for 15 min) or 
3.0 M KSCN pH 7.6 (for 1 hr). The cartridges were washed extensively after the 
treatment with 50 mM potassium phosphate buffer, pH 7.0 containing 3 g/l NaCI 
used as carrier buffer in all experiments and the signal response was recorded 
before and after reloading the fresh enzyme as described earlier. As shown in 
figure 4.10 A, exposure to acid pH resulted in the disappearance of the electrode 
signal which could be restored nearly completely on reloading with glucose 
oxidase. Elution with 3.0 M KSCN pH 7.6 was however only partially effective in 
dissociating the enzyme from the antibody-epoxy support even after one hour of 
treatment (Fig. 4.1 OB). 
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Fig. 4.9 Calibration curves of glucose oxidase assembled as immuno-
affinity layer on IgG precoupled to Sepharose fast flow (A) and 
VA-Epoxy carrier (B) 
Flow through cartridges packed with immobilized glucose oxidase 
preparations were integrated into a FIA system equipped with an 
oxygen electrode. The buffer used was 60 mM potassium phosphate 
buffer, pH 7.0, 3 g/l NaCI, at a flow rate of 1.4 ml/min. Injection time 
was 30s and sample volume was 30 fil. Signals were recorded using 
cartridges bearing one ( • ), two ( ^ ) or three ( "^  ) immunoaffinity 
layers of glucose oxidase. 
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Fig. 4.10 Elution and reloading of glucose oxidase immobilized on IgG-
Epoxy support with 0.2 M glycine HCI pH 2.5 (A) and 3.0 M KSCN 
pH 7.6 (B) 
Calibration curves of glucose oxidase cartridges were prepared before 
and after elution with 0 2 M glycine Hcl, buffer, pH 2.5, 0.15 M NaCI, 
for 15 min and 3 M KSCN for 60 min. For reloading after elution at 
lower pH, glucose oxidase solution (2 mg/ml) was passed through the 
cartridge for 2 hrs Calibrations were performed using 0.1-0.5 g/l 
glucose as standard Signals from the cartridge beanng IgG bound 
glucose oxidase ( • ), and those after elution ( • ) and reloading ( *- ) 
were recorded. Signal after 60 mm ( ' ) of KSCN treatments is shown 
in Panel B. 
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Glucose oxidase immobilized as three affinity layers on IgG-Sepharose 
with the help of IgG or unfractionated antiserum was treated with 0.2 M glycine-
HCI buffer, pH 2.5 containing 0.15 M NaCI or 3.0 M KSCN pH 7.6 for 15 min. 
The eluted fraction was collected by centrifugation and subjected to 7.5% SDS-
PAGE. Figure 4.11 A indicates that only IgG were retained on the support during 
affinity layering using unfractionated antiserum. The eluted fraction after layering 
with pure IgG was run as control (Fig. 4.11 B). Glucose oxidase appeared as 
very faint band in these gels. 
4.4.1.2 Measurement of medium glucose concentration during S.cerevisiae 
cultivation 
A glucose oxidase based biosensor bearing three immunoaffinity layers of 
glucose oxidase was used to monitor the fed batch cultivation of S.cerevisiae in 
a 2.0 I bioreactor on a semi-synthetic Schatzmann medium (Schatzmann, 1975) 
containing 30 g/l glucose. The concentration of glucose was continuously 
measured on-line for over 10 hrs by sample withdrawal using an in situ sampling 
probe (Scheper et al., 1996). Off-line analyses were made every hour by taking 
out small aliquots of culture medium through a rubber septum. Figure 4.12 
shows the analyses obtained using the biosensor corresponded well with those 
obtained using the reference YSI glucose analyzer. 
4.4.2 Calibration of an Immunoaffinity Layered Peroxidase Sensor 
The IgGs isolated from the sera of animals immunized with horse radish 
peroxidase were used to assemble layers of peroxidase on IgG-Sepharose. The 
enzyme cartridges with immunoaffinity layered peroxidase were integrated into a 
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Fig. 4.11 SDS-PAGE of glucose oxidase, antisemm and isolated IgG and 
fraction eluted from the support after afTmity layering of glucose 
oxidase on IgG-Sepharose using pure IgG (A) or antiserum (B). 
Three glucose oxidase layers were assembled on the IgG-Sepharose 
using pure IgG and antiserum as described earlier. The bound protein 
eluted was eluted using either 0.2 M glycine-HCI buffer, pH 2.5 or 3.0 
M KSCN, pH 7.6. 10-45 |ig of protein was loaded in each well. 
Panel A : Lane a - IgG, Lane b - glucose oxidase. Lane c and d 
contains fractions eluted with glycine-HCI buffer, pH 2.5 or 3.0 M 
KSCN, pH 7.6, 
Panel B ; Lane a - glucose oxidase, Lane b - antiserum, lane c - IgG, 
Lane d & e are loaded with fraction eluted by 0.2 M glycine-HCI buffer, 
pH 2.5 or 3.0 M KSCN. pH 7.6. 
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Fig. 4.12 On-line monitoring of medium glucose during the cultivation of 
S.cerevisiae 
Yeast cells were cultivated in a semi-synthetic mediunri with 30 g/l 
glucose. The cultivation was carried out in 2.0 I bioreactor (Biostat B, 
B. Braun, Melsungen-AG, Melsungen, Germany) with an aeration of 
1 vvm, pH 4.0, and temperature 32°C with stirring speed of 600 rpm. 
Samples were taken through a in situ sampling device and analysed 
using a immunoaffinity layered glucose oxidase cartridge integrated 
into a FIA system equipped with oxygen electrode. Values obtained 
thus ( • ) were compared with those using reference YSI instrument 
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FIA system. The sensor signal was measured using a photometer equipped with 
a flow through cell by monitoring the oxidation of ABTS at 426 nm as a measure 
of the concentration of H2O2 (Klienhammer and Mattesberger, 1986). Figure 4.13 
shows that signal response of H2O2 sensing system measured, as a function of 
substrate concentration, suggesting that the sensitivity could be very significantly 
enhanced by immobilizing peroxidase with the help of the antibodies as one or 
two enzyme layers. 
The signal increased nearly linearly over a range of 5.0 to 25 i^ M H2O2 
under the conditions employed using a cartridge bearing two layers of 
peroxidase (Fig. 4.14) and concentration of H2O2 as low as 1 iiM could be 
conveniently measured. 
4.4.2.1 Reusability of the peroxidase sensor 
A peroxidase cartridge with one layer of enzyme immobilized on IgG-
support was connected to a FIA system for continous measurment of 1^ M H2O2 
standard prepared in 50 mM potassium phosphate buffer; pH 7.0; 3 g/l NaCI 
containing 3 g/l ABTS. Concentration was measured continuously and the 
cartridge was washed with carrier buffer between each measurement for 10 min. 
As evident from fig. 4.15 the signal response was nearly constant and in the ten 
measurements made the standard variation was 0.054155±0.02411. 
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Fig. 4.13 Calibration function of immunoaffinity layered peroxidase sensor 
Cartridge filled with Sepharose support with immoaffinity layered 
peroxidase were integrated into a FIA system with Skalar 6010 type 
photometer as transducer with a flow through cell. Carrier used was 50 
mM potassium phosphate buffer, pH 7.0, 3 g/l NaCI; flow rate 1.4 
ml/min, injection time -40s. Signals were obtained using the layered 
preparations containing one ( • ) or two ( ^ ) peroxidase layers. 
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Fig. 4.14 Sensitivity of an immunoaffinity layered peroxidase sensor 
Calibration curve was obtained from a enzyme cartridge bearing two 
peroxidase layers on IgG-Sepharose using 0-50 ^M H2O2 as 
standards. Carrier flow was 0.5 ml/min, injection time, 1 min. Other 
details are given in fig. legend 4.13. 
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Fig. 4.15 Reusability of the peroxidase sensor 
A cartridge bearing single peroxidase layer was used. A sample 
containing 1 |j.M H2O2 in 50 mM potassium phosphate buffer; pH 7.0, 3 
g/l NaCI; 1.3 g/l ABTS, was passed through the sensor and signal 
response recorded. The cartridge was washed thoroughly and the 
H2O2 solution was passed again through the cartridge. The process of 
washing and measurement of signal response continued for ten times. 
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4.5 DISCUSSION 
The growing need for effective enzyme based biosensors for use in the 
areas of food industry, environmental analysis and biomedicine has triggered 
remarkable research and development in this area. Performance of the enzyme-
based sensors is highly dependent upon the quantity of the enzyme immobilized, 
while its life on the stability of the immobilized enzyme. A large number of 
covalent / non-covalent methods of enzyme immobilization have been described 
for this purpose (for review see Vanderberg et al. 1994). More recently bioaffinity 
based procedures for enzyme immobilization offering the advantage of ease of 
preparation, reversibility and usually accompanying stability against various 
forms of inactivation are becoming popular also in the construction of biosensors 
(Saleemuddin, 1998). Several reports are available on the stabilization and 
immobilization potential of polyclonal/monoclonal antibodies on various enzymes 
(Shami et a!., 1989) An attempt has been made in this study to evaluate a 
polyclonal antibody mediated procedure for the stable immobilization of large 
amounts of enzyme on the sensor surface. The strategy which we designate as 
'Immunoffinity layering' makes use of the bivalent nature of antibodies and 
multiple antigenic sites of the enzyme to construct antibody and enzyme layers 
on supports (Fig. 4.16). Two enzymes - glucose oxidase and peroxidase widely 
used in biosensors were chosen for the study. 
Commercial preparations of glucose oxidase was passed through 
Sepharose 4B prior to its use as antigen and pure IgG isolated from the 
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Fig. 4.16 Diagrammatic representation of the immunoaffinity layering of 
enzymes performed with the help of IgG on support precoupled to IgG. 
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antiserum (Fig 4.1, 4.2, 4.3, 4.4). The IgG was coupled to Sepharose support to 
yield preparation with 5mg IgG/ml support, which was used in subsequent 
studies to assemble layers of glucose oxidase as described. Table 4.1 
summarizes the result obtained during the assembly of glucose oxidase on IgG-
Sepharose in the form of three affinity layers. The amount of glucose oxidase 
could be raised over nine fold after three incubation cycles and over 20 fold after 
six enzyme binding cycles (Fig. 4.5 A). This suggests that as with the bioaffinity 
layering of glycoenzymes using Con A as described in section 3 earlier, the 
bivalent polyclonal antibodies can be successfully utilized for the assembly of 
layers on the support. Moreover as with Con A mediated layering, there was a 
rise in the effectiveness factor 'ri' (the ratio of actual to theoretical activity, which 
is used as an index of fraction of bound activity expressed) (Muller and Zwing, 
1982), with the successive formation of initial layers. This suggest that as 
compared to the glucose oxidase molecules associated with the Sepharose 
linked IgG, those associated with the support in the subsequent layers exhibit 
higher accessibility for the substrate. In view of the specificity of antibodies of 
the antigenic enzymes, the possibility of using unfractionated antiserum in place 
of isolated IgG for the assembly of enzyme layers was also investigated. Table 
4.2 shows that layering of enzyme was also possible in this case and somewhat 
higher amounts of glucose oxidase could be associated with the support, as 
compared to that bound during layering with IgG. The rise was over 30 fold after 
six enzyme binding cycles (Fig 4.5 B). Presence of multivalent antibodies other 
than IgG in the antiserum may contribute towards the enhanced binding. This 
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study however clearly suggests that unfractionated antiserum can be quite 
effective in the assembly of enzyme layers and the purification of the antibodies 
may be conveniently done away with. 
Cationic and anionic interactions in bipolar salts have also been employed 
to form the basic of the immobilization of enzymes. Glucose isomerase in the 
form of multilayers has been immobilized in positively charged TMPS beads 
using bipolar pyridine salt (Kong et al., 1994). The alternating molecular 
deposition of enzyme and salt was followed by means of ultraviolet-visible 
absorption spectra that showed a linear increase in the optical density of the 
films with number of layers. Onda et al. (1996) also reported a layer-by-layer 
increase in the glucose oxidation rates in a study in which glucose oxidase 
layers were assembled with the help of polyanion sodium poly(styrene 
sulphonate). 
The immunoaffinity layered glucose oxidase preparations showed a shift 
in pH optimum of the enzyme from pH 6.0 to 4.0 while using IgG ( Fig 4.6 A) and 
to pH 5.0 when layering was performed with the help of unfractionated antiserum 
(Fig 4.6 B). Alteration in the pH activity profiles of enzymes on immobilization on 
charged supports is quite common though instances where such a behavior is 
exhibited by enzymes associated with uncharged support are also available 
(Onda et al., 1996). Gamma globulin's have higher pi values around 7.2-7.6 
(Righetti and Caravaggio,1976, Pillet et al., 1994) and in the range of pH 
investigated in this study they are expected to be positively charged and may 
cause the shift in the pH optimum and the pH activity profiles towards acidic 
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side. However the difference in the pattern of pH-activity profiles of the 
preparations assembled with isolated IgG and unfractionated serum is difficult to 
explain and may be related to the presence of antibodies other than IgG in the 
latter preparations as discussed earlier. 
Assembly of glucose oxidase as layers either using pure IgG or 
unfractionated antiserum did not resulted in shifting of the temperature optimum 
of the enzyme with all the immobilized preparations being optimally active 
between 30°C-40°C (Fig 4.7 A, B). However immobilized preparations exhibited 
greater broadening of the temperature activity profiles and retained greater 
fraction of activity at higher temperatures also when the layering was perfomned 
using whole serum. Figure 4.8 A shows that while all the immobilized 
preparations exhibit markedly higher resistance to inactivation at 60°C, as 
compared to native enzyme, the enhancement in stability appears to increase 
layer-by-layer till the formation of three layers. The enhancement may result 
from the interactions of the immobilized glucose oxidase molecules with 
additional IgGs during successive layering. It is now recognized that enzyme 
molecules held by multiple covalent (Koch-Schmidt and Mosbach, 1977) or non-
covalent interactions with the support (Iqbal and Saleemuddin, (983) exhibit 
improved stability, presumably due to the resulting rigid conformation, than the 
molecules linked at fewer sites. Thus the preparation with the enzyme attached 
as layers on the support appears to have the advantage of good flow properties 
of the beaded support and the stability characteristics of enzyme-antibody 
flocculates. 
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Comparable results were obtained when immunoaffinity layering of 
glucose oxidase was performed using unfractionated antiserum (Fig 4.8 B). 
Infact the stability of the preparations also appeared somewhat superior 
presumably for the reason discussed earlier. It is now well recognized that 
specific polyclonal / monoclonal antienzyme antibodies have stabilizing effects 
on enzymes (Feinstein et al., 1971; Solomon et al., 1987; Shami et al., 1989). 
The enzyme-antibody interaction may result, as shown earlier in the case of 
several protein-protein interactions (Chotnia and Janin, 1975) in the exclusion of 
water from the interactive areas resulting in lowered energy and stabilize native 
conformation of the enzyme (Davis et al., 1988). The stabilization may also result 
from the " holding" of the enzyme molecule at several places on the 
immunoaffinity support, as has been suggested for several covalently 
immobilized enzymes (Blanco and Guisan, 1989) and glycoenzymes bound to 
Con A supports (Iqbal and Saleemuddin, 1983b). Lateral interactions of the 
antibody molecules with enzyme molecules closely positioned on the Sepharose 
matrix may also confer additional stability to the enzyme (Sadana and Madgula, 
1993). It has been proposed that the unfolding of the protein may begin in a 
specific region of the molecule and the improvement in the stability may be 
remarkable if the region is blocked by binding by an appropriate molecule 
(Ulbrich-Hoffmann et al., 1993). Specific polyclonal and monoclonal antibodies 
has been shown to enhance the resistance of a variety of enzymes against 
thermal and other forms of inactivation (Shami et al., 1989). Such stabilization 
has been obtained both when antigenic enzyme is precipitated as 
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enzyme-antibody complex (Shami et al., 1989; Jafri et al., 1993; 1995) or when 
they are affintiy immobilized on supports precoupled to IgG (Solomon et al., 
1987; Turkova, 1993; Jafri et al., 1997), although the magnitude of stabilization 
achievable is usually far higher with the former. It has been observed recently 
that antiinvertase antibodies recognizing glycosyl residues confer significantly 
higher stability to the enzyme in the immuno-complexes than those that do not 
recognize the glycosyl residues (Jafri and Saleemuddin, 1993). 
Enzyme cartridges bearing affinity layered glucose oxidase were 
integrated into FIA system equipped with oxygen electrode (Fig 2.1). The sample 
was injected into the carrier flow through an injection valve and transported to 
the biosensor using pehstaltic pump and a selector. The reaction of glucose 
oxidase was measured as the decrease in the dissolved oxygen concentration 
using the oxygen electrode. As can be seen in fig. 4.9 A, B, the magnitude of the 
sensor signal increased more than two fold with each additional layer of glucose 
oxidase assembled on IgG precoupled to CNBr activated Sepharose or VA 
Epoxy carrier and glucose concentration as low as Img/dl could be conveniently 
measured. In a related study by Bourdillon et al. (1994) immobilized glucose 
oxidase on glassy carbon electrode surface in the form of multiple layers using 
monoclonal antiglucose oxidase antibodies along with mouse IgG and antimouse 
IgG-glucose oxidase conjugate. There was a layer-by-layer increase in the 
sensor signal. Hoshi et al. (1995) developed an amperometric glucose sensor by 
immobilizing biotinylated glucose oxidase and avidin alternately on a quartz 
slide. The enzyme was assembled in the form of layers and increase in the 
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electrode signal was obtained till the formation of 20 enzyme layers. The 
response time of the sensor was satisfactorily fast irrespective of the number of 
enzyme layers. 
For efficient applications of enzyme based sensors, the reversibility of the 
enzyme immobilization is always advantageous. As the desorption of the 
immunoaffinity immobilized enzyme from the reactors or the sensor is only 
required when the catalytic activity of the bound enzyme, is decreased or lost, 
relatively harsh elution conditions can be employed. In the present study, the 
antigen antibody interactions were disrupted by non-specific elution procedures 
like treatment with 0.2 M glycine-HCI buffer, pH 2.5 (Stovickova et al., 1991) and 
3.0 M KSCN, pH 7.6; 0.15 M NaCI (Hum and Chantler, 1980). As can be seen 
in fig. 4.10 A, exposure of the glucose oxidase affinity immobilized on IgG 
support to acid pH for 15 min resulted in the complete disappearance of the 
electrode signal which could be readily restored on reloading the sensor with 
fresh enzyme. However the antigen antibody interactions could be only partially 
disrupted by 3.0 M KSCN pH 7.6 even after 1 hr of treatment (Fig.4.10 B). The 
pH 2.5 treatment employed for the elution of the glucose oxidase from the 
biosensor did not influence significantly the ability of the IgG support to bind the 
enzyme and the sensor signal could be completely restored after incubation with 
fresh enzyme. It has been shown in earlier studies that IgG are quite stable and 
reuse of the IgG supports for over 50 binding and elution cycles has been 
reported (Desai, 1990). Glucose oxidase affinity immobilized on antibody 
support was eluted at acid pH and reloaded in a FIA system for ten cycles 
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without marked decrease in binding (deAlwis et al., 1987). Glucose oxidase 
assembled as three affinity layers on IgG-Sepharose with the help of 
unfractionated antiserum also eluted under same conditions. The eluent when 
subjected to 7.5% SDS PAGE (Fig. 4.11 A), revealed the presence of IgG 
suggesting that pure IgG preparation may not be essential for the immobilization 
of the enzyme on IgG precoupled support. The presence of only faint bands of 
glucose oxidase may be related to the' presence of relatively small amount of 
enzyme as well as poor staining of the enzyme due to the glycosylation. Non 
specific enzyme elution procedures may however gradually decrease the affinity 
for the antigen and promote susceptibility to proteolysis (Desai, 1990). 
Improvement in resistance to proteolysis has however been achieved by 
controlling modification of the matrix associated IgG with polyethylene glycol 
(Kondoetal., 1989). 
The usefulness of the immunoaffinity layered glucose oxidase in the 
continuous measurement of glucose in the culture medium of S. cerevisiae also 
appeared remakable. Figure 4.12 shows that glucose sensor integrated in the 
FIA system was able to continuously measure glucose over a period of 10 hrs of 
cultivation and the values obtained showed good agreement with those obtained 
using glucose oxidase membrane based Yellow Springs glucose analyzer. 
It can be concluded that the immunoaffinity layering of enzymes on a solid 
support using specific polyclonal antibodies may be a highly effective strategy for 
raising the concentration of enzyme on the support in a manner that facilitates 
high accessibility towards substrate and enhanced resistance to inactivation. 
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Immobilized preparations thus obtained could be integrated into a FIA system for 
the measurement of glucose and hydrogen peroxide with greatly increased 
sensitivity. 
It must be however pointed out that in order to be useful for 
immunoaffinity layering polyclonal antibodies / antisera must be devoid of 
inhibitory populations as observed in this study. Antisera raised against several 
enzymes lack inhibitory antibodies (Melchers and Messers, 1970; Ben-Yusuf et 
al., 1975; Shami et al., 1991; Jafri and Saleemuddin, 1993). The active site 
acting as blind spot for the immune system, steric hindrance by high affinity 
antibodies recognizing adjacent locations of the active site directed antibodies 
and continued accessibility of the active site in the complex formed between 
active site recognizing antibodies and the enzyme have been suggested as the 
possible reasons for the lack of inhibition. Inhibitory antibodies have been 
nonetheless reported in the sera raised against some enzymes (Cinder, 1967: 
Arnon, 1973; Solomon et al., 1984). While selected non-inhibitory monoclonal 
antibodies may be suitable alternatives, interesting strategies for raising non-
inhibitory antisera are also available (Fusek et al., ';988; Stovickova et al., 1991) 
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Two bioaffinity based procedures were developed for the immobilization of 
enzymes and increasing the amounts of enzymes immobilized on solid surfaces 
using the lectin Con A or specific antienzyme antibodies. The first, applicable to 
glycoenzymes with affinity for the lectin Con A, involved binding of the 
glycoenzymes to matrices precoupled with lectin followed by alternate 
incubations with Con A and the glycoenzyme in order to achieve assembly of the 
enzyme on the support - a technique which we designated as 'bioaffinity 
layering'. The amount of glucose oxidase, invertase, p-galactosidase and 
amyloglucosidase immobilized on the ConA support were raise by about 15, 18, 
7 and 6.3 fold after three Con A/glycoenzyme incubations cycles. The nature and 
extent of glycosylation appears to determine the amount of enzyme assembled 
by the technique. Presumably due to the large molecular dimensions of the 
Con A and enzyme molecules, the network formed on the support appears 
porous providing minimal diffusional limitation for the enzyme substrates. This 
was evident from the high effectiveness factor (r|) values observed with the 
immobilized enzyme preparations. 
Bioaffinity layered glucose oxidase preparations showed high mechanical 
stability. The fraction of the activity retained by the immobilized preparations at 
60°C was siginificantly higher when compared with the soluble enzyme and 
increased layer-by-layer. The resistance to inactivation was further enhanced 
after cross linking of the preparations with glutaraldehyde. There was a slight 
broadening of the temperature-activity and pH-activity curves of glucose oxidase 
on affinity layering, although, the pH and temperature optima of the immobilized 
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preparations remained unaltered. Comparable results were obtained when 
invertase was immobilized as affinity layers on Con A-Sepharose. In view of the 
specificity of interaction between Con A and glycoenzymes it was possible to 
substitute Jack bean extract for pure Con A for the assembly of enzyme layers as 
evident from the experiments with p-galactosidase. 
Attempts were also made to exploit the advantage of high activity and stability 
of the immobilized enzyme preparations obtained by bioaffinity layering for 
increasing the performance of glucose and hydrogen peroxide sensing devices. 
Glucose oxidase and peroxidase were chosen for the study because of their 
frequent use in sensors. While the enzyme cartridges bearing bioaffinity layered 
glucose oxidase were integrated in a FIA system, and glucose measurements 
made using a Clark oxygen electrode as the transducer, a photometer was 
employed to detect the signals from the peroxidase cartridges. The sensor 
registered a layer-by-layer increase in signal measured respectively as a function 
of glucose or hydrogen peroxide concentration. In case of the glucose sensor the 
increase in the signal after the formation of six layers was not significant, 
presumably due the limited availability of the dissolved oxygen. The bioaffinity 
layered glucose oxidase sensor was effective in the on-line monitoring of the 
medium glucose concentration during the cultivation of S. cerevisiae and the 
measurements obtained showed good agreement with those made off-line with 
the reference YSI glucose analyzer. The sensitivity of glucose oxidase-FET and 
peroxidase-FET was also significantly enhanced after the assembly of enzymes 
on the FET surface in the form of layers. Glucose concentration as low as 0.1 g/l 
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could be easily measured with a glucose-FET bearing 25 layers of glucose 
oxidase. The assembly of enzyme as bioaffinity layers on the FET surface was 
reversible and it was possible to elute the bound enzyme with 0.5M methyl 
manoside and fresh enzyme reassembled conveniently as layers on the FET. 
The glucose-FET was also effective in the continuous monitoring of the 
S.cerevisiae cultivation. 
The bioaffinity layering of enzymes utilizing Con A is applicable only to 
glycoenzymes with high affinity for the lectin. In order to extend the applicability 
of the strategy, to enzymes that lacked glycosylation, layering of enzyme was 
attempted using specific polyclonal antibodies. Rabbits were immunized with 
glucose oxidase or peroxidase and the IgG fraction isolated by ammonium 
sulphate fractionation and DEAE cellulose chromatography. Glucose oxidase 
was asselmbled as layers with the help of IgG or unfractionated antiserum on 
IgG-Sepharose. In both the cases immobilization was successful and it was 
possible to raise the immobilization yield to 9.5 and 12 fold after three enzyme 
binding cycles. A layer-by-layer increase in the stability at 60°C was exhibited by 
the immobilized preparations, which was more marked in those obtained using 
whole serum. The n values increased, though less significantly than those 
observed in case of layering with Con A, during the formation of initial layers. A 
shift in the pH optimum was observed when glucose oxidase was immobilized as 
affinity layers using IgG , which was however less marked when whole serum 
was used instead of IgG. 
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The performance of enzyme sensors employing glucose oxidase and 
peroxidase immobilized, as immunoaffinity layers also constituted a part of the 
work described in this thesis. There was a layer-by-layer increase in the signal 
registered by the enzyme cartridge bearing glucose oxidase as one, two or three 
affinity layers were integrated in a FIA system equipped with a Clark oxygen 
electrode. The immunoaffinity layering was also reversible and it was possible to 
elute the bound glucose oxidase at acidic pH, and assemble fresh layers of the 
enzyme on the IgG support. A glucose sensor bearing the enzyme as three 
affinity layers was employed for the of on-line monitoring of cultivation of 
S.cerevisiae. Enzyme cartridges employing immunoaffinity layered peroxidase 
were also constructed and integrated in the FIA system for the sensitive 
measurements of H2O2 
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